CHICAGO 


MEDICAL SCHOOL 


“QUARTERLY 


VOLUME 20 


For a number of years there has been 
growing recognition of the need for high 
caloric nutrition in many medical and 
surgical conditions which are encoun- 
tered with considerable frequency. Spe- 
cifically, the problems are those in pa- 
tients who have lost considerable 
weight, who cannot or should not con- 
sume food by mouth, and whose nutri- 
tional status must be maintained or im- 
proved as part of the over-all program 
necessary for a successful convalesc- 
ence.1-9 

Convalescence can be viewed as a dy- 
namically evolving process during which 
the human organism attempts to strike 
a positive balance between anabolic 
activity on the one hand, and catabolic 
activity on the other. This basic prem- 
ise pertains whether one is dealing with 
post-operative repair or convalescence 
from operative surgery or convalescence 
from a major medical illness. The effi- 
ciency with which this balance can be 
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brought about depends, of course, upon 
many factors, but primarily the follow- 
ing: 1) the duration of the illness, 2) 
body reserves, 3) the degree of stress or 
trauma, 4) certain hormonal factors 
(mainly adrenal cortex), and last, but of 
greatest importance, the availability of 
the raw material, i.e., the utilizable cal- 
ories which must be present for repair 
to be accomplished. 


In clinical conditions such as chronic 
ulcerative colitis, intestinal obstruction, 
renal failure, sprue, chronic diarrhea, 
complicated duodenal ulcers, and post- 
operative gastrointestinal surgery, the 
heart of the problem is caloric defic- 
iency. 

The theoretical and practical advan- 
tages which intravenous alimentation 
offers in supplying these calories needs 
no elaboration. However, all of the intra- 
venous solutions now in general use 
share a common inability to provide 
sufficient calories in a reasonable fluid 
volume. Of the available parenteral fluid 
preparations, 5% glucose for example 
provides only 200 cal/liter protein hy- 
drolysate the same; and even if 10% 
solutions are utilized, only 400 calories 
per liter are realized. Intravenous alco- 
hol, if completely metabolized, may pro- 
vide 7 calories/gram, but here again evi- 
dence is lacking regarding complete utili- 
zation of this substance. In addition, the 
central nervous system and cardiovascu- 
lar side effects of alcohol given intra- 
venously are difficult to anticipate and 
to control. All of the preparations previ- 
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ously mentioned except whole blood are 
excreted by the kidney in varying 
amounts, and hence the theoretical cal- 
ories are not always available. Slow 
rates of infusion do tend to minimize 
losses via the kidney, but long periods 
of infusion are difficult for the patient. 
It is therefore apparent that it is some- 
what unusual to be able to supply a pa- 
tient with much more than 1000 cal/day 
by means of calorie supplements avail- 
able unless one is willing to employ 
rather large volumes of fluid. In 
many patients who require such inten- 
sive therapy, the coexistence of cardio- 
vascular or renal complications may in 
fact dictate the use of small volumes of 
fluid. 

Patients with the conditions mentioned 
above may need a considerably higher 
caloric intake than 1000-1200 calories. 
What the basal caloric needs in a ser- 
iously ill individual are is still somewhat 
controversial. Most observers agree that 
they may be considerably more than the 
1500 calories required by the average 
well adult and surely if weight loss has 
been profound, a daily intake of twice 
the basal requirements would no doubt 
be beneficial. 


It has been said that for protein to be 
utilized effectively for anabolic purposes, 
the basal caloric needs of the body must 
be met from sources other than pro- 
tein.10-13 There is ample evidence which 
indicates that if a high enough caloric 
intake can be achieved, even in the pres- 
ence of a bare minimal protein intake, 
protein can be spared for tissue synthe- 
sis. Specifically, a normal male on a 
nitrogen free diet will exhibit maximal 
reduction in nitrogen deficit if given a 
total intake of 750 non-protein calories. 
Even if this caloric intake is doubled 
without adding protein, a negative nitro- 
gen balance will still exist. However, 
when the basal protein requirement of 
0.5 gm. 1 kgm is added, there is noted a 
prompt reversion toward a positive ni- 
trogen balance. Thus, while the need 
for calories in the nutritionally depleted 
patient is compelling, there is a qualita- 
tive aspect to this requirement which is 
of utmost importance. 

The use of fat in the form of a stable 
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emulsion is admirably suited for the pur. 
pose of providing these much neeced 
calories on the following basis: 
1) It provides 9 calories/gram instead 
of 4 provided by glucose or pro- 
tein. 


2) It is not excreted by the kidney 
nor in the stool, and thus all cal- 
ories given are available for me- 
tabolic use. 

3) It is non-irritating to the vein as 


hypertonic glucose may be. In the 
past fifteen years an impressive 
body of literature has been pub- 
lished clearly establishing the fact 
that fat administered parenterally 
is readily available as a source of 
energy for metabolic use. 

The idea of using fat intravenously 
is not new. The parenteral administra- 
tion of milk with cod liver oil was at- 
tempted by Whittaker in 1876. Numer- 
ous other attempts were made during 
the early decades of this century with 
unimpressive results. In 1943 Stare and 
his group at Harvard, using soybean 
lecithin as a stabilizer and cottonseed 
oil as the main constituent, developed 
the first relatively satisfactory emulsion 
for clinical use. 


In the latter part of 1951, the Office 
of the Surgeon General became actively 
interested in this entire problem, and 
established The SGO Task Group for the 
Study of Parenteral Fat Nutrition*. 
Through their auspices and with the co- 
operation of the Upjohn Company, a new 
and less toxic emulsion than previously 
used by the Harvard group was pre- 
pared**, 

This preparation is a 15% cottonseed 
oil emulsion which is prepared by high 
pressure homogenation. The compo- 
nents of this preparation are listed in 
table 1, together with the caloric value. 
The constituent oil is held in a very fine 
physical emulsion in which all of the 
particles are 0.5 to 1 nficron in diameter 
as determined by dark field microscopy. 


*Members of this group are the Harvard 
School of Public Health, Vanderbilt U. Medical 
School, Michael Reese Hospital, Walter Reed 
Hospital, U. of California Medical School, and 
Louisiana State Medical School. 

** Lipomul-IV-Upjohn. 
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TABLE 1. —Composition of Lipomul-I.V. 


Cottonseed oil 
Phosphatides (purified soya lecithin)........ 


Per 100 ml. 

Cal 
0.3 0 
4.0 16 
160 


Extensive tests have indicated that this 
material is biologically and physically 
stable for at least one year when stored 
in the refrigerator. Vigorous shaking for 
72 hours at 5° C., has resulted in no 
change in particle size. 


Method of Administration 


The emulsion is administered through 
a standard intravenous plastic tubing set 
using a 20 or 21 gauge needle. Ordinarily 
a Y tube apparatus is used as with a 
blood transfusion with the initial infu- 
sion being a bottle of 5% glucose in 
water. Once the system is regulated, the 
fat emulsion bottle is opened. This is 
done because occasionally a patient will 
experience a flush reaction with the first 
few milliliters of the infused fat. Since 
this is a transient phenomenon, merely 
clamping the tube to the emulsion and 
switching to the glucose for a few min- 
utes will permit the infusion of fat to 
be continued without further incident. 
It has been accepted procedure never to 
infuse fat through tubing which has pre- 
viously contained saline for there is a 
possibility of some disruption of the 
emulsion under such circumstances. 

The infusion is given at a rate of 2 ml. 
1 minute for the first 30 minutes and if 
during this period there has been no 
indication of any of the clinical reactions 
which will be discussed below, the rate 
is increased to 4 ml./minute. An entire 
500 milliliter infusion is thus admin- 
istered over a 3 hour period, with ap- 
proximately 25 grams of fat per hour 
given during this period. Figure 1 dem- 
onstrates that under these conditions, 
the rate of removal of the infused fat 
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as judged by total lipid analysis is fairly 
constant. The maximal fat concentration 
is reached at the end of the infusion, 
and 4 hours later the lipid level is still 
approximately 20% above the control 
fasting level. The dotted line indicates 
that when a slower rate of 2 ml./minute 
is used, the resultant curve is flat and 
indicates that the infused fat is being 
removed from the blood at essentially 
the same rate of administration. 


Clinical Reactions 

Numerous reactions have been report- 
ed by various observers since the initial 
use of parenteral fat many years ago. 
These have ranged from nausea to com- 
plete cardiovascular collapse. With the 
current cottonseed emulsion, the com- 
bined clinical experience of the various 
members of the SGO Task Group has 
now exceeded 5000 separate infusions. 
During the course of this experience, the 
following clinical reactions have been 
recognized: 


A. Major Reactions 
1. Fever — 7% incidence 
2. Chill — 1.3% incidence 
3. Immediate or Colloid Reaction 
— less than 1% incidence 
This reaction occurs in the first few 
minutes of infusion and is marked by a 
flush sensation, dyspnea, urticaria, brady- 
cardia, transient fall in blood pressure, 
and back pain. This symptom complex 
usually subsides spontaneously as soon 
as the infusion of fat is interrupted, and 
ordinarily does not recur if the infusion 
is resumed after a 15-20 minute interval. 
The cause of this response is not known, 
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but it has been thought to be of vagal 
origin. 
B. Minor Reactions — 4% incidence 
1. Headache 
2. Abdominal fullness 
3. Dizziness 
4. Minor variation in pulse and 
blood pressure 
From a practical point of view, the oc- 
currence of fever has been for many 
years one of the major obstacles to the 


clinical use of fat emulsions. By deiini- 
tion, any elevation of 2° F. above he 
control rectal temperature is conside ed 
a febrile reaction. Two distinct types of 
febrile reactions have been observed. 

1. The immediate type occurs wit in 
30 to 60 minutes after the start of 
the infusion and almost invariably 
is accompanied by a chill. This is 
probably due to pyrogens in the 
emulsion or the emulsifying sys. 


RATE OF CLEARING OF 
INTRAVENOUS FAT EMULSION 


TOTAL LIPID MGM % 
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START OF 
INFUSION 


/ 
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/ 
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END OF 
INFUSION 


I TIME IN HOURS 


FIGURE 1 
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tem and has been largely elimi- 


actual cause of this febrile response 


ra nated by recent technical refine- is not known. Previously it has 
“a ments: in the preparation of the been attributed to hemolysis, to im- 
a emulsion, purities in the oil, or to pulmonary 

2. The delayed type is by far the most emboli. However, none of these ex- 
d common of the febrile reactions. planations have ever been  sup- 
un The onset is usually 1 to 4 hours ported experimentally. Some ob- 
of after the end of the infusion, and servers have indicated that the 
ply the elevation may be as much as fever is metabolically induced in 
IS 3-4° F. A chill is not invariably the sense that it is due to heat pro- 
= present, and the duration of the duction arising from rapid oxida- 
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fever is usually 2 to 6 hours. The 


tion of the infused fat which is 
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immediate metabo- 
lism. While this theory lacks proof, 
it may have merit, for it is precisely 
those patients who clear the in- 
fused fat most rapidly who are apt 
to develop febrile reactions.1+6, 


available for 


Electrolyte Studies Following 
Fat Infusion 

Despite a rather extensive experience 
with various intravenous fat prepara- 
tions over the past decade, relatively 
little information had been available on 
changes which may occur in the electro- 
lyte status of patients receiving such 
infusions. Since most of these patients 
are critically ill and may have preexist- 
ant electrolyte derangements, informa- 
tion of any changes which would be 


25 normal subjects are shown in table 2. 
It may be noted that with the exception 
of potassium, where a mean maxin:al 
decrease of 8.9 percent was seen, no <ig- 
nificant changes occurred in any of the 
electrolytes measured. The fall in pluas- 
ma potassium was maximal between the 
end of the infusion and 2 hours post in. 
fusion at a time when the total fat con- 
centration is at a peak level. (Fig. 2) 
Table 3 demonstrates that as in the 
normal group, no major changes oc- 
curred in the electrolyte studies conduct- 
ed on a group of 96 abnormal* patients, 
However, a tendency for a fall in plasma 
potassium to occur is again noted, the 
mean maximal decrease being 9.6%. 
Again, the major decline occurred be- 
tween the end of the infusion and 2 


TABLE 2 —Plasma Lipid and Electrolyte Values* in 25 Normal Patients 


Receiving 500 ML. of Fat 


During infusion | | After infusion 
Pine _|End of infu- maximal 
34 hr. h 

Total lipid (mg. %)........... 744. 1092 
Plasma Na (mEq./L.)........ | 142.3 137.9 136.9 141.5 142.2 —3.8 
| 7.43 7.41 7.41) 7.43) 7.40) —0.4 
Plasma K (mEq,./L.).......... | 4.29 4.15| 4.02 3.91, 4.08) —8.9 
Plasma Cl (mEq./L.)......... 103 101.8 101.8 102.8 | 103.1 , —1.2 
COst (mEq./L.).............. 20.4 18.8 20.6 19.6 22.0 —7.8t 


* All values given are mean values for the group. 


7 Six results were elevated; five results were decreased. 


apt to occur would be of value to the 
clinician. Furthermore, patients with 
acute or chronic renal failure are con- 
sidered ideal candidates for parenteral 
fat therapy since they require a maxi- 
mal caloric intake to prevent endogen- 
uos protein breakdown in as small a fluid 
volume as possible to avoid any cardio- 
vascular complications. These patients 
already have a metabolic acidosis and 
therefore, it seemed imperative to us to 
determine whether the infusion of fat 
would in any way alter this state. 

In the past two years this problem 
has been under investigation by our 
laboratory. The effects of single, 500 ml. 
infusions on plasma electrolyte levels in 
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hours post infusion. Of interest was the 
fact that in the abnormal group the 
magnitude of the individual decrease in 
potassium was more marked than in the 
normal subject, the range being -4 to -35 
per cent. 

All values were corrected for per cent 
of serum water content; therefore, the 
change in potassium is not a dilution 
effect. The precise mechanism of this 
change is not known, although it seems 
likely that the combination of fat and 
glucose in the emulsion acts as an effec- 
tive medium for intracellular transport 


* The abnormal subjects were all cachectic 
and were being treated for chronic illness, main- 
ly some form of malignancy. 
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TABLE 3 — Plasma Lipid and Electrolite Values in 96 Abnormal Patients 


Receiving Single 500 ML. Infusions of Fat. 


1 


| 0 After 12 hrs. 2 hrs. 4 hrs. ichange (7%) 
Total lipid | | 
mgm. per | 
| 686 1057 | 1351 1118 949 
Plasma Na | | | 
MEG. / 138.9 135.7 | 35.3 136.3 138.3 —2.6 
+ (4.94) +(5.03) | +(5.24) + (5.89) + (4.20) 
7.5 7.43 | 7.43 7.45 7.48 —0.5 
+ (1.10) + (0.22 + (0.24) + (0.24) + (0.22) 
Plasma K 
mEq./L..... | 4.2 4.03 3.89 3.86 3.9 —9.6 
(0.95) + (0.96) +(0.96) | +(0.86)  +(0.84) | 
Plasma Cl | 
MEdg./L..... 99.2 98.4 98.3 98.6 98.5 —0.9 
) + (4.78) | + (4.73) +(4.21) | +(5.08)  +(4.89) | 
CO. mEq./L...| 22.5 | 21.6 20.8 | 214 (| 224 | —7.6 
Serum water | | 
91.7 | O11 | 90.8 90,6 | 91.2 —1.2 


* All values given are mean values +S, D., shown in parentheses. 


of potassium. Preliminary studies on 
some of these patients fail to demon- 
strate any increase in urinary excretion 
of potassium. 


As an outgrowth of this previous ob- 
servation, seven patients in chronic 
renal failure with hyperkalemia were 
given single 500 ml. infusions of fat 
emulsion. As shown in Figure 3, a fairly 
prolonged lowering of the plasma potas- 
sium value to normal level for as long 
as four hours after the end of the in- 
fusion was observed. Since the best that 
one can ordinarily accomplish with avail- 
able methods (excluding the use of an 
artificial kidney) is to obtain a transient 
and incomplete lowering of potassium in 
these patients, and since hyperkalemia 
is not an infrequent cause of death, the 
therapeutic implications of this observa- 
tion are obvious. 

As stated above, preliminary studies 
have failed to demonstrate increased po- 
tassium excretion to explain this fall. 
However, since it is generally acknowl- 
eiged that the hyperkalemia in renal 
failure is due to the inability of the kid- 
ney to excrete potassium, it would seem 
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unlikely that an infusion of fat emulsion 
would restore this ability to a chronic- 
ally diseased kidney. 


Studies of Lipid Levels and 
Clearing of Fat 


During the course of the electrolyte 
work, we became interested in the abil- 
ity of the individual patient to dispose 
of a given load of infused fat. Originally 
it seemed logical to suspect that a direct 
relationship might exist between the de- 
gree of cachexia and the rapidity with 
which fat is removed to badly depleted 
depots. While we encountered numerous 
single observations which seemed to con- 
firm this thought, there were also num- 
erous and notable exceptions. Some of 
these are shown in figure 4. Of particu- 
lar interest were 6 patients with known 
diffuse pancreatic disease (3 malignant, 
3 inflammatory), all of whom exhibited 
extremely high and prolonged lipid lev- 
els when compared to 25 normal pa- 
tients, 72 abnormal patients, 9 patients 
with compensated portal cirrhosis, and 
9 patients with diabetes under reason- 
ably good control. Attention is called 
to the fact that the diabetic patient un- 
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FIGURE 3 


der control cleared the infused fat at 
about the same rate as the normal con- 
rol patients. 

It is of further interest that the 9 pa- 
tients with compensated portal cirrhosis 
also were slow clearers. Such results 
seem to conflict with the very significant 
findings of Baker who reported that pa- 
tients with cirrhosis have increased 
amounts of assayable clearing factor.?? 
Other groups in this field, particularly 
Wilkinson and co-workers”, have report- 
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ed similar findings with respect to so- 
called delayed clearers. Such variations 
in observations merely emphasize the 
fact that there is a very wide range in 
the individual ability to remove a fat 
load from the blood to the peripheral 
tissues. Whether there exists a common 
denominator, such as a cachectie nutri- 
tional state, to explain delayed clearing 
is open to speculation. It would seem 
reasonable that the answer at least in 
part can be found in some phase of the 
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clearing mechanism. For this reason a 
brief review of some of the factors in- 
volved might be of some value. 


Current Status of the Clearing 
Factor Concept 

In 1943 Hahn observed rather acci- 
dentally that intravenous injections of 
heparin in animals with alimentary li- 
pemia caused a rapid disappearance of 
the turbidity of the blood.2? Subsequent 
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work showed that this phenomenon 
occurs only in vivo, but once occurring 
may continue in vitro. The disappear- 
ance of the lipemic turbidity is accom- 
panied by a decrease in the total lipid 
concentration of the blood, indicating 
that injection of heparin not only trans- 
forms turbid lipoprotein into non-turbid 
forms but also accelerated the removal 
of lipid from the blood. 
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While the mechanism of action was 
not known, clearing factor as such was 
considered to be the product of an enzy- 
matic system involving both tissue and 
plasma components in a manner out- 
lined in figure 5. 

This scheme was amplified by Korn in 
1955,30 when he demonstrated that nor- 
mal rat heart muscle contained an en- 
zyme which was identical in its action 
with heparin-induced clearing factor. 
This material was subsequently found 
to be an alpha-lipoprotein lipase which 
is present in beef and pig heart, lung, 
spleen, and liver in decreasing quanti- 
ties and not at all in aorta or muscle. 
It is distinguished from pancreatic lipase 
in that it is activated by heparin and 
deactivated by salt and protamine. The 
real significance of this work was that 
Korn showed that clearing enzyme is 
present and that clearing occurs at the 
cellular level, but that heparin potenti- 
ates this action to the degree that there 
is an overflow into the blood where the 
effect is more striking. He further estab- 
lished that the very process of clearing 
is in a sense a self-perpetuating mechan- 
ism, for the very lipoprotein released 
from the chylomicron during the hydro- 
lytic process of clearing is sufficient to 
form the substrate for further action by 
the clearing factor, thus repeating the 
cycle over again. (Figure 6). 

This entire concept assumes consider- 
able importance in the use of intraven- 
ous fat when one considers that: 

1) The same type of rapid removal 
of fat under the influence of heparin has 
occurred when fat is given orally as 
well as by the intravenous route. 

2) That on the basis of available evi- 
dence intravenous fat is handled as a 
foreign body, being removed in part by 
the reticuloendothelial system. In gen- 
eral, it is found in the lungs, liver, spleen 
and occasionally the renal tubules as 
extracellular depositions. However, after 
heparin this fat is handled more nearly 
like orally administered lipid. 

These observations have strongly sug- 
gested that heparin may play an integ- 
ral and physiological part in fat metabo- 
lism. The ultimate fate of the fat remov- 
ed from the blood under the influence of 
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heparin is of much interest. The re- 
moval of injected fat occurs with such 
rapidity and magnitude that to explain 
it on the basis of rapid-oxidation seemed 
unlikely. Furthermore, quantitative 
studies showed that under the influence 
of heparin, the concentration of fat in 
the liver and spleen was actually re- 
duced, and thus these depots could not 
account for such rapid clearing. 

In order to determine the fate of this 
removed fat, studies were undertaken 
by our group using a carbon-14 labelled 
emulsion. The results of these experi- 
ments, as shown in tables 4, 5 and 6, 
demonstrate that under the influence of 
heparin the following changes occur: 

1) A marked rise in respiratory carbon 

dioxide-Cl4 and muscle lipid 

2) A profound decrease in lipid in the 

blood and spleen 

3) Variable increases in lipid in the 

skin and intestine. 

Fundamentally, heparin accelerates 
the movement of fat from blood to the 
tissues, and thereby makes fat more 
rapidly available for oxidative processes. 
Since one of the basic processes in the 
whole phenomenor. of clearing seems to 
be lipolysis, and since tissues probably 
oxidize free fatty acid rather than tri- 
glycerides, it seems worth while to spec- 
tilate that endogenous heparin and/or 
alpha-lipoprotein lipase play a role in 
the normal metabolism of fat. 

The recent work of Gordon*? more 
than ever emphasizes the role of non- 
esterified fatty acids in the entire 
scheme of fat transport. The precise 
mechanisms involved in the production 
and maintenance of a given level of fatty 
acid is not completely understood. It 
seems quite likely that at least part of 
this control is under strong hormonal 
influence. Anterior pituitary, pancreatic, 
thyroid, gonodal, and adrenal relation- 
ships have been implicated in both hu- 
man and animal experiments’. 

Basically the effect of these various 
hormones on the control of circulating 
lipids is in the maintenance of the vari- 
ous fractions. Since there is no evidence 
for oxidative catabolism of lipids in the 
extracellular compartment, the concen- 
tration of lipids in the blood and the rate 
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TABLE 4 
EFFECT OF HEPARIN ON PERCENT C!! ACTIVITY* RECOVERED FROM 
TOTAL ORGANS AND BLOOD ATER INJECTION OF Cl SOYBEAN OL, 
EMULSION. 
Expts. 1 & 2 Expts. 3 & 4 Expts. 5 & 6 
Heparing Control Heparing Control Heparing Control 
23.9 21.8 36.4 
0.86 4.2 1.70 3.58 


1.16 1.53 1.24 0.85 
15.8 83.0 8.82 92.3 


* Per cent Activity Recovered from Organ = Cpm x mg. fat in organ 
cpm x mg. oil injected 


TABLE 5 
EFFECT OF HEPARIN ON PERCENTAGE Cl! ACTIVITY* RECOVERED 
PER GRAM OF TISSUE AFTER INJECTION OF C4 SOYBEAN OIL 
EMULSION 
Expts. 1 & 2 ixpts. 3 & 4 Expts. 5 & 6 


Heparing Control Heparing Control Heparing Control 


Muscle 0.112 0.017 0.134 0.034 0.159 0.042 
Intestine 0.192 0.133 0.230 0.102 0.311 0.149 
Skin 0.137 0.066 0.181 0.139 0.173 0.059 


* Percentage C!4 Activity Recovered Per gm. of Tissue = 
mg. Fat per gm. tisse x cpm 


x 100 
mg. Oil Injected x cpm 


TABLE 6 
EFFECT OF HEPARIN ON PERCENTAGE C!* RECOVERED FROM 
RESPIRATORY CO.* AFTER INJECTION OF C!4 SOYBEAN OIL 
EMULSION 


Pair No. Control Heparinized 


0.70 4.66 
1.28 2.51 
1.91 1.84 
1.16 4.71 
0.95 3.56 


Periods of collection were 30 minutes in each instance. 


* Percent C140. recovered = uc C!40.2 collected 


x 100 
uc C14 injected 
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at which they are handled may be due 
to: 
Changes in the rate of transference 
between the extra and intracellular 
lipoprotein. 
Any factor which influences distri- 
bution of lipids between the plasma 
and the interstial compartment. 
Changes in blood volume. 


would seem that hormones could 
easily effect lipid concentration and 
transport at any one or all of these lev- 
els. From a purely speculative stand- 
point, it might be possible that the very 
level of non-esterified fatty acids present 
at a given moment is the regulating de- 
vice which triggers the sensitivity for 
the production of varying amounts of 
clearing factor. In this respect, the level 
of non-esterified fatty acids would have 
a role analagous to the thermostatic 
effect of blood sugar on the release of 
liver glycogen’?. Similar to the blood 


sugar mechanism, one can further postu- 
late that this level of fatty acid is influ- 
enced by a fine balance of opposing hor- 
monal forces which ultimately deter- 
mine the rate at which fat may be trans- 
ported to peripheral tissues. These hypo- 
thetical relationships are illustrated in 
figure 6. 


SUMMARY 


There is available for therapeutic use 
a fat emulsion which can be given intra- 
venously with relative safety. This is 
not an ideal preparation, but few drugs 
ever attain complete therapeutic effect 
without the risk of some unwanted side- 
effects. When given judiciously and 
under the proper circumstances, the use 
of parenteral fat can tide a patient over 
a nutritional crisis and speed conva- 
lescence. Furthermore, this material has 
made available to the investigator a tool 
which has been of great value in the 
study of some aspects of fat metabolism. 
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THE PARAPROTEINS * 


L. MICHAEL GLICK, M.D.** and DONALD M. GELB, B.A.*** 


The term dysproteinemia! is often used 
to refer to those disease states in which 
elevated values of normally occurring 
plasma globulins are noted. In a few 
diseases, however, the hyperglobulinemia 
results from the presence of an abnormal 
protein and in these instances it is re- 
ferred to as paraproteinemial. 

Interest in the “paraproteins” can be 
traced back to 1845, when MacIntyre and 
Watson2 described a grocer who had 
very fragile bones and a peculiar urine 
charged with “animal matter.” A sample 
of this patient’s urine, which Watson 
sent to Sir Henry Bence-Jones for anal- 
ysis, was accompanied with the following 
note: “The tube contains urine of a very 
high specific gravity . . ., when boiled it 
becomes highly opaque .. ., but as it 
cools, it assumes the consistence and 
appearance which you now see; heat re- 
liquifies it. What is it?” 

Almost a century elapsed after these 
initial observations before any further 
work on paraproteins was undertaken. 
In part, this delay can be attributed to 
the fact that methods of protein analysis 
and study had yet to be developed. 

Howe, in 19213, utilizing the observa- 
tion that plasma proteins precipi- 
tated from aqueous solutions by high 
concentrations of neutral salts, was the 
first worker to separate and classify pro- 
teins by virtue of this “salting out phe- 
nomenon.” By varying the concentra- 
tion of the salt used, Howe was able to 
fractionate plasma _ into’ euglobulins, 
pseudogloblulins and albumins. Although 
he used sodium sulfate for his separa- 
tions, it was subsequently shown that 
other neutral salts, such as ammonium 
sulfate, magnesium salts and phosphata- 
ses could also be used. 
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Investigation of plasma proteins was 
further advanced in 1937 by the intro- 
duction of the electrophoretic method 
devised by Tiseliust, who based his meth- 
od on the principle that different frac- 
tions of proteins migrate with different 
velocities in an electric field5. A protein 
solution (at a specified pH), is placed 
at the bottom of a U tube (Figure 1). A 
buffered solution, into which two elec- 
trodes are introduced, is then layered 
over the protein solution. The rate of 
migration of the protein fractions in the 
electric field produced may now be ob- 
served. 

As most protein solutions are colorless, 
the moving protein fractions are visual- 
ized by optical systems utilizing the 
principle that the interphase between 
two fractions focuses light by virtue of 
its refractive index. Thus, the different 
protein fractions appear as peaks of 
focused light, and the amount of each 
protein fraction can be determined by 
photographing and then measuring the 
area under each peak. 


A normal descending pattern for adult 
serum is shown in Figure 2. Albumin, 
(A), accounts for about 65% of the total 
serum protein. The alpha globulins, alpha 
1 and alpha 2, represent about 4% and 
8%, respectively, of the total protein. The 
beta globulin comprises about 10%, and 
the gamma globulin makes up the re- 
maining 13% of serum protein. If plasma 
instead of serum is analyzed, the fibrino- 
gen forms a peak between the beta and 
gamma globulin fractions and represents 
about 4% of the plasma proteins. 

The fraction designated the “euglobu- 
lin’ by the Howe method corresponds 
to the beta and gamma globulin of the 
electrophoretic pattern. The pseudoglob- 
ulin by the Howe method, corresponds 
to the electrophoretic fractions of albu- 
min and the alpha 1 globulin. 

Recently, electrophoresis has been sim- 
plified by techniques utilizing filter paper 
or starch blocks as the vehicles for 
protein migration®. By these methods, 
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FIGURE 1 


optical systems are eliminated as the 
proteins can be strained and measured 
directly. 

With Svedberg’s intorduction of the 
ultracentrifuge in 19407, a great advance 
in the study of the plasma proteins was 
achieved. The rate at which a particle 
in solution settles under the action of 
centrifugal force depends on 1) the dens- 
ity and viscosity of the solution, 2) the 
size, shape and density of the particle 
(a specific property of the molecule), and 
3) the force applied. Due to the minute 
size of protein molecules, great amounts 
of force (400,000 times gravity) must be 
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applied over a long period of time to 
affect adequate separation. 

These complex time-force-distance re- 
lationships are expressed as Svedberg 
units (S). The range of sedimentation 
units routinely measured by analytical 
ultra centrifugation procedures extends 
from about 2 S for small proteins to 
about 1,000 S for some bacteriophages. 
The value for albumin is 4.5 S, globulin 
7 S while proteins with values exceeding 
15 S are referred to as macroglobulins!. 

As these methods for protein study bhe- 
came more widely known, attention was 
focused on the paraproteins in disease. 


The Quarterly 


| 


Albumin 


Alpha 1 


\ 


Alpha 2 


| 


FIGURE 2 


Wintrobe and Buell8, in 1933, while study- 
ing a patient with multiple myeloma, 
described a globulin which precipitated 
when cooled and redissolved upon warm- 
ing. Fourteen years later, Lerner and 
Watson? introduced the term cryoglobu- 
lin to describe proteins with this ab- 
normal physical characteristic. 


Subsequently, it was demonstrated that 
small quantities of cryoglobulin could be 
found in the serum of patients with 
disease states other than multiple my- 
eloma. These other diseases include: 
kala azar, malaria, lupus erythematosus, 
rheumatoid arthritis, periarteritis nodosa, 
lymphosarcoma, lymphatic leukemia, 
polycythemia vera, cirrhosis and sub- 
acute bacterial endocarditis. Cryoglob- 
ulinemia sufficiently severe to produce 
signs and symptoms is most often asso- 
ciated with multiple myeloma. Recently 
however, patients with essential cryo- 
globulinemia have been reported”, 0, 12, 


Whether the cryoglobulinemia is sec- 
ondary or primary, the common denom- 
inator appears to be a disturbance of the 
reticulo-endothelial system. This may be 
neoplastic disease, with increased pro- 
duction of abnormal globulins; infectious, 
with abnormal immunological response; 
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or some other, as yet undefined, mechan- 
ism10, 13, Efforts to correlate cryoglobulin 
production with abnormal cellular mor- 
phology in the reticulo-endothelial sys- 
tem have not yielded constant results!. 4, 
Abnormal appearing plasma cells are fre- 
quently encountered in some patients 
with cryoglobulinemia; in other cases, 
however, despite massive cryoglobulin- 
emia, the plasma cells appear quite 
normal. 


Putnam!’ has demonstrated that al- 
though these cryoglobulins are similar to 
normal gamma globulin, their end-group 
amino acids differ. Normal gamma glob- 
ulin has both N-terminal aspartic and 
glutamic acid radicals, while the cryo- 
globulins have (a) only terminal aspartic 
groups, (b) only terminal glutamic 
groups, or (c) both glutamic and aspartic 
as terminal amino acids, but twice the 
usual amount. 


Furthermore, Putnamé.13 has demon- 
strated that there is sometimes attached 
to the cryoglobulin an undefined carbo 
hydrate fraction (PAS positive). It has 
been postulated that this cryoglobulin- 
carbohydrate complex may be involved 
in the formation of paraamyloid, a ma- 
terial occasionally deposited in the tis- 
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sues of patients with multiple myeloma. 
This form of amyloidosis closely resem- 
bles the “primary” type in that it is 
deposited in the heart, respiratory tract, 
gastro-intestinal tract and blood vessels. 

Beyond these biochemical differences 
and the unexplained cold precipitation, 
there is no specific difference between 
the cryoglobulins and normal proteins. 
Electrophoretic studies®. 10, 12 have shown 
that cryoglobulin migrates most common- 
ly with the gamma fraction, although 
“alpha and beta migrations” have also 
been described!. Ultracentrifugation in- 
dicates that cryoglobulin has the mole- 
cular weight of gamma globulin with the 
major component near 7 S. 

Marked cryoglobulinemia is often but 
not invariably characterized by a definite 
clinical syndrome}. 11.12, When present, 
the primary clinical features are intoler- 
ance to cold, as manifested by Raynaud’s 
phenomena, purpura, urticaria, ulcera- 
tion of the skin, peripheral gangrene and 
retinal vascular stasis. It has been pos- 
tulated that these symptoms are largely 
due to precipitation of cryoglobulin in 
peripheral blood vessels!°. 12, Volpel? pro- 
posed a second mechanism to explain 
some of the clinical findings in one pa- 
tient he observed. He felt that the cryo- 
globulin, acting as a foreign protein in- 
troduced into the body, set up a local tis- 
sue reaction. This latter theory has 
received some support in the work of 
Heller et al!5 who has observed the pha- 
gocytosis of cryoglobulins by leukocytes, 
even when these proteins are present in 
minute quantities. 

It appears likely that the following 
three factors determine the production of 
symptoms in these cases: 1) the amount 
of cryoglobulin present; 2) its solubility 
characteristics in relation to tempera- 
ture; and 3), the interaction of cryoglobu- 
lin with other plasma proteins, 

Whether or not precipitation of cryo- 
globulin commonly occurs in deep ves- 
sels is uncertain. Pulmonary arteriolar 
obstruction with pulmonary hyperten- 
sion has been attributed to cryoglobu- 
lins'®, Several patients with cryoglobu- 
linemia have died in uremia!, raising 
the possibility of renal vascular precipi- 
tation of cryoglobulin. In the case de- 
scribed by Cugudda!? multiple visceral 
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thrombosis associated with cryoglo'u- 
linemia was reported. 

Another paraprotein was uncovered 9y 
Waldenstrom in 194418, who applied the 
term macroglobulin to a large protein 
with a molecular weight in excess of 
1,000,000 and a Svedberg determination 
of 19.2. As this protein was found in a 
patient with cryoglobulinemia a_ great 
deal of confusion ensued. 

Subsequent electrophoretic studies'!. 2 
have demonstrated that pathological ma- 
croglobulins migrate as a peak between 
the beta and gamma fractions and are 
labelled the “M” fraction. It has also 
been shown that some apparently normal 
individuals have small quantities of ma- 
croglobulin (less than 5%) migrating in 
the alpha range. It has been suggested 
that macroglobulins may be polymers of 
normal gamma globulins!®. The polymer 
linkage involved appears to be in the 
nature of a sulfur-sulfur bond, since 
methionine and cystine terminals have 
been demonstrated. 

Patients with Waldenstrom’s syndrome 
of macroglobulinemial. 12, 13.19, character- 
istically suffer from lassitude, dyspnea, 
epistaxis and mucosal bleeding. Exam- 
ination frequently reveals pallor, edema, 
slight hepatosplenomegaly and _ painless 
mild lymph adenopathy. 

The pathologic physiology of cryoglob- 
ulinemia and macroglobulinemia may be 
illustrated as follows: 

Infection is common in both conditions 
and Mackay?2 believes infection is related 
to faulty antibody formation resulting 
from competitive use of amino acids for 
synthesis of abnormal protein. The bleed- 
ing phenomenal. 12.13 sometimes evident 
in patients with cryoglobulinemia has 
been ascribed to the cryoglobulin inter- 
fering with fibrin formation. Another 
factor might be the damaging effect that 
precipitating cryoglobulin has upon the 
capillary walls. The macroglobulins ap- 
pear to disrupt the normal clotting mech- 
anism by absorbing factor V. A throm- 
bocytopenia may occur in either condi- 
tion. 

Finally, it should be noted that Sjo- 
gren’s syndrome), (dryness of mucous 
membranes in eyes, nose, mouth and 
vagina) has been reported in several 
cases associated with cryoglobulinemia 


The Quarterly 


7 
‘ 
| 


Interference with normal antibody 
and normal gamma globulin 
formation 


nn 


cryoglobulin 


Blood vessel 
occlusion 


bleeding tendency 


Raynaud’s Phenomena 


Purpura 


Ulceration 


Abnormality of the 
Reticulo-endothelial 
Tissue 


macroglobulin 


\ Adsorption of Coagulation 

: factors (factor v) rate 
adsorption 
of fibrinogen 


hyperglobulinemia 


Increased sedimentation 


Rouleaux formation 
Anticomplementary 
serology test 


FIGURE 3 


or macroglobulinemia. 

Pyroglobulin2!. 22, another paraprotein, 
has been isolated in patients with multi- 
ple myeloma. The name was applied by 
Martin22 to an abnormal golbulin which 
precipitated from sera heated to 56° C. 
Like macroglobulin, it migrates between 
the beta and gamma globulin fractions. 
Further studies will be needed to under- 
stand this paraprotein and to clarify its 
possible relationship to the Bence-Jones 
protein in the urine. 

It is interesting that although the 
Bence-Jones protein was the first para- 
protein uncovered, it is perhaps the least 
clearly understood. 

It is found in the urine in about 50% 
of the cases of multiple myeloma, having 
the peculiar property of forming a white, 
cloudy precipitate at temperatures of 50° 


to 60° ¢., going back into solution at 
about the temperature of boiling and 
then reappearing on cooling®. 13, This pro- 
tein is very erratic in its thermal behav- 
ior since it does not always redissolve 
upon heating. Putnamé considers it to be 
endogenous in origin and to be very rap- 
idly excreted in the urine, so that it is 
rarely demonstrable in the serum. The 
spherical shape of the protein and its 
small size may be responsible for this 
rapid elimination. Attempts to further 
elucidate the nature of Bence-Jones pro- 
tein by amino acid analysis have been 
unsatisfactory. 

Recently, cryofibrinogen, pyrofibrino- 
gen and cryofibrinolysis!.!2 have been de- 
scribed. Their position in the spectrum 
of disorders of protein metabolism is 
still not clear. 
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BASIC QUESTIONS RELATING TO THE CHRONIC USE OF THE 
ANTI - INFLAMMATORY STEROIDS 


RACHMIEL LEVINE, M.D.* 


The adrenal cortex is capable of pro- 
ducing and secreting a variety of ster- 
oids. The normal end products of this 
synthetic machinery in the human are, 
in the main, the following hormones: 


1. Aldosterone, the chief physiological 
function of which seems to be a preser- 
vation of normal excretion patterns of 
sodium and potassium; 


2. Hydrocortisone and Corticosterone, 
which have a perceptible but relatively 
minor role in water and electrolyte bal- 
ance; the main effect lies in their con- 
trol of certain metabolic reactions and 
in their ability to protect the body 
against a host of non-specific stressor 
agents; 

3. Androgenic steroids, the actions of 
which are qualitively indistinguishable 
from the androgens of the testes. 


The so-called anti-inflammatory or anti- 
phlogistic action of certain steroids was 
discovered by Hench, Kendall and their 
associates in 1949. It soon became appar- 
ent that this therapeutic effect was re- 
stricted to Group 2 of the adrenal ster- 
oids, the group which has often been 
called either the metabolic steroids or 
the gluco-corticoids. A potent mineralo- 
corticoid like desoxycorticosterone has 
no anti-inflammatory action whatever; 
neither do any of the androgens. 


We do not, even at present, under- 
stand completely the exact mechanisms 
of action involved in the anti-inflamma- 
tory effect, but it is possible to under- 
stand quite well why this effect is so 
intimately related to the metabolic activ- 
ities of the steroids. Histological and 
histochemical and purely chemical stud- 
ies seem to agree that active steroids 
inhibit the proliferation of cells (espe- 
cially fibroblasts) in an inflammatory 
zone. The intense activity in forming 

* Professor of Medicine, The Chicago Medical 


School; Chairman, Department of Medicine, Mi- 
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new cells and intercellular material 
is diminished or practically abolished. 
The action is exerted locally, as has been 
amply demonstrated by the local instil- 
lation of steroids. 

While this action is useful in prevent- 
ing the signs and symptoms of inflam- 
mation, it is understandable why spread 
of infection would be encouraged from 
a focus which is not effectively walled 
off. This anti-proliferative, anti-anabolic 
action may be seen even in the absence 
of an allergic or inflammatory focus. 
Thus it was known for some years that 
in Cushing’s disease, the chronic expos- 
ure of the body to large amounts of 
gluco-corticoids leads to a loss of cells 
and intercellular material, which is espe- 
cially pronounced in the subcutaneous 
tissues and in bone. The result is the 
thin skin and the osteoporosis character- 
istic of the syndrome. It was also known 
that patients with this syndrome were 
prone to septicemias due to spread from 
locally infected areas. 

If we examine the nature of the me- 
tabolic action of the gluco-corticoids, it 
becomes evident that their effects on 
carbohydrate metabolism are not direct, 
and that the main metabolic activity 
seems to be exerted in the area of mak- 
ing more protein available for conver- 
sion to carbohydrate: again a catabolic 
or anti-anabolic action. We see, there- 
fore, a clear hint in the picture of these 
relationships; namely, that in all likeli- 
hood the mechanism of metabolic activ- 
ity and the mechanism of anti-inflamma- 
tory activity are closely related, if not 
identical. 

The chronic administration of potent 
steroids for weeks, months, and years 
leads to so-called “side effects.” all of 
them undesirable. They are: edema 
with sodium retention, weakness with 
potassium loss, osteoporosis and frac- 
tures, bleeding or perforation of pep- 
tic ulcers, spread of infection to vir- 
uses, bacteria and fungi, etc. It would 
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of course, be of inestimable value for 
the physician to have at his disposal a 
steroid which he could use chronically 
and which would possess desirable anti- 
inflammatory action and be free or al- 
most so, from the undesirable “side ef- 
fects.” This is clearly impossible for 
most of the effects listed. For example, 
if a material is to have an inhibitory 
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action on the formation of inflammato y 
tissue, it will have to result in the pr»- 
motion of microbial spread from a foc’'s 
which is not walled off. This is not a 
side effect, it is “the” anti-inflammato: y 
effect. 

Again, whatever be the etiology of a 
peptic ulcer, the circulation in the body 
of anti-inflammatory substances. will 
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clearly sooner or later lead to a weaken- 
ing of the new fibrous tissue with which 
the body attempts to heal the defect. 
Parenterally administered steroids can- 
not, of course, be told to exert their anti- 
inflammatory effect in one area and to 
stay away from a latent peptic ulcer or 
a half walled-off tuberculous focus. It 
seems also fairly evident that a similar 
action is involved in the suppression 
and weakening of osteoid tissue with 
the subsequent rarefaction of bone and 
proneness to fracture. 

Retention of water and _ minerals 
seems to have its basis in a different 
kind of primary action from the effects 
discussed above, and we have seen that 
there exist steroids like desoxycortico- 
sterone which only possess this action 
and little or no metabolic activity. The 
hope of being able to change the steroid 
molecule in such a way as to do away 
with the electrolyte retention was fore- 
seen and actually accomplished. 

If one removes hydrogens from the 
bond between carbon 1 and carbon 2 of 
the nucleus (Fig. 1) of the cortisone and 
hydrocortisone molecule, one gets the 
group of so-called meti or 1- dehydro 
steroids. By bioassay and from clinical 
experience these compounds have four 
to five times the anti-inflammatory activ- 
ity of the parent material per milligram, 
and extremely little or practically no 
action on the sodium and potassium bal- 
ance. This is also true, if, in addition, a 


methyl group is added in the 6- position. - 


On the other hand, if a halogen atom 
such as fluorine is substituted in posi- 
tion 9-, then the electrolyte retaining ef- 
fect becomes enormously enhanced. 

A great amount of work has been 
done in the production and testing of all 
types of variants of the steroid molecule, 
and a survey of the results makes it 
apparent that it is possible to produce 
more potent anti-inflammatory steroids 
than the original cortisone and that it 
is also possible to enhance, reduce or 
abolish the water and electrolyte effects 
of such steroids. But it would seem that 
hand in hand with the anti-inflamma- 
tory activity go the glucocorticoid and 
general metabolic actions and effects. 
This bears out the view that the metab- 
olic and anti-inflammatory effects are 
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most probably the results of the same 
basic action. 

How does the above discussion relate 
to the choice of the proper steroid in 
those instances in which an anti-inflam- 
matory and anti-allergic effect is desir- 
able? The most suitable steroids for 
current use seem to be the meti-com- 
pounds and their 6- methyl derivatives, 
since those side effects which depend on 
electrolyte and water retention may be 
abolished or greatly diminished. There 
is no advantage in the use of certain 
steroids simply because they are more 
potent. That is, activity per milligram, 
is not synonymous with improvement. 
On the contrary, it becomes more diffi- 
cult in practice to manipulate and estab- 
lish minimum maintenance dosage the 
more potent the steroid is. 


From the standpoint of investigation 
it is, of course, interesting and enlight- 
ening to test a great variety of steroids. 
Only in this way can one gain an appre- 
ciation of the relation between chemical 
structure and biological activity. The 
difficulties arise when it is claimed on 
the basis of short time chemical trial 
that this or that steroid is “superior,” 
has less “side effects,” ete. The general 
public as well as the medical profession 
is under pressure to use the “newest” 
and most “potent” of the agents, before 
the primary evidence is_ sufficiently 
checked. 


Steroids are large-caliber weapons and 
should not be aimed at small targets. It 
is extremely satisfying to be able to 
relieve a patient with rheumatoid arth- 
ritis of his crippling symptoms, but this 
satisfaction sours and curdles when ver- 
tebrae collapse, ulcers bleed, muscles 
weaken or mycotic infection takes hold. 
It is therefore in practice the better part 
of wisdom to use steroids sparingly and 
when forced to do so, to use these com- 
pounds wkich are reasonably free of 
electrolyte effects. 
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PROLONGED STEROID THERAPY AND ITS IMPLICATIONS 


JAY J. GOLD, M.D.* 


The realization that certain adrenal 
steroids were capable of inhibiting the 
pituitary elaboration of adrenocortico- 
tropin, thereby causing adrenal atrophy, 
dates back to animal studies done at least 
twenty years agol. Furthermore, it was 
clinically appreciated that in Cushing’s 
syndrome due to adrenal adenoma, the 
contralateral adrenal often was atrophic?. 
This was presumably due to the same 
mechanism demonstrated in animals. 
However, it was not until recent years 
when cortisone and subsequently newer 
and more potent steroids became avail- 
able for general clinical use (discrimi- 
nate and indiscriminate) that the se- 
quella of adrenal suppression atrophy 
became apparents. 


Pituitary-Adrenal Physiology 


Normally, in the maintenance of pitui- 
tary-adrenal homeostasis, the pituitary 
elaborates adrenocorticotropin (ACTH) 
which then stimulates the adrenal gland 
to produce cortisol (hydrocortisone), a 
major physiologic product of adrenal 
cortical function. When cortisol is pro- 
duced in amounts greater than required 
by the tissues, the excess is capable of 
inhibiting further elaboration of ACTH 
as shown by the dotted line in Fig. I. 
This serves as a cause and effect check 
mechanism, thereby maintaining the 
normal homeostasis. 


The cortisol that is produced is se- 
creted into the blood stream where pre- 
sumably it may then act directly at the 
tissue level, allowing the tissues to func- 
tion normally according to the permis- 
sive action of adrenal steroids expounded 
by Ingle* and others5.6, Much of it is 
carried to the liver where it is trans- 
formed into its excretory products, tetra- 
hydrocortisol, tetrahydrocortisone and 
their glucuronide esters. These are re- 
turned to the blood stream and even- 


* Director, Department for Research in Human 
Reproduction and Attending Physician, Michael 
Reese Hospital: Clinical Assistant Professor of 
Medicine, The Chicago Medical School. 
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Fig. I. Normal pituitary-adrenal axis. 
rocal effects of ACTH and hydrocortisone. 


Recip- 


tually excreted in the urine as _ these 
products, though small amounts of cor- 
tisol and cortisone may also be found 
in the urine. This is what is measured 
as urinary 17-hydroxycorticosteroids and 
serves as an index of adreno-cortical 
function. Newer methods allow the 
measurement of the 17-hydroxycortico- 
steroids directly in the blood, thereby 
giving a more direct index of adreno- 
cortical function. 

Fig. II shows the most abundant urin- 
ary corticoids that are found. Cortisol 
and cortisone are found in smallest quan- 
tity. Tetrahydrocortisol and tetrahydro- 
cortisone, along with alpha and beta cor- 
tol and cortolone, comprise the major 
fraction of the total urinary corticoids 
that are measureable. Cortisone and cor- 
tisol are the active forms of the steroids, 
whereas the reduction products are vir- 
tually inactive and are excreted as such. 


The normal homeostatic mechanisms 
are such that the pituitary-adrenal ther- 
mostat is set at a level whereby ACTH 
and cortisol are produced in amounts 
just adequate to satisfy tissue needs. In 
situations of stress this thermostat is 
set at a higher level. In certain disease 
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states, as in Cushing’s syndrome, the 
thermostat may also be set at a higher 
functioning level. As may be seen in 
Fig. III, when exogenous steroid in the 
form of cortisone or cortisol is adminis- 
tered to an individual, an amount of 
steroid is presented to the blood stream 
and to the pituitary over and above what 
would normally be produced. This ele- 
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vated quantity then is capable of inhibit- 
ing further pituitary elaboration of 
ACTH. The net effect of inhibiting pitui- 
tary stimulation of adrenal function (by 
inhibiting ACTH) is that the adrenal 
becomes atrophic. This is represented 
by the smaller solid line adrenal which 
represents the atrophic adrenal, and the 
dotted portion represents the adrenal as 
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Effects of exogenous steroid or ACTH on endogenous pituitary ACTH secretion. 
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it was in the original state. 

Another factor, not always generally 
appreciated, is that the administration of 
exogenous ACTH is also capable of in- 
hibiting the pituitary elaboration of 
ACTH while stimulating the adrenal to 
greater activity and size. This is dem- 
onstrated in Fig. III with the more solid 
line representing the stimulated adrenal 
and the dotted line representing the orig- 
inal size. The significance of this soon 
will become more apparent. However, 
needless to say, this may have a favor- 
able effect on the recovery mechanisms 
of adrenal function with cessation of 
ACTH therapy and therefore should be 
kept in mind. 


where the endogenous ACTH stimul's 
is deficient or absent, exogenous ACT { 
will produce a _ sluggish but defini e 
adrenal response in instanc¢s, 
though it may take several days of stimu- 
lation. On the other hand, in the pres- 
ence of Cushing’s syndrome where tie 
adrenal is already overactive due to ad- 
renal hyperplasia, the administration of 
ACTH will produce a further hyperreac- 
tive response. 

We already know that the administra- 
tion of exogenous cortisol will inhibit 
pituitary ACTH release. Such therapy 
therefore can lead to adrenal atrophy, 
but this usually requires large dos- 
age for several days. However, in an 
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Fig. IV. 
adrenal tumor. 


Thus, when exogenous ACTH is ad- 
ministered to normal individuals, the 
adrenal may be stimulated to greater 
function, and this increased function may 
be measured by blood 17-hydroxycortico- 
steroid response. If an infusion of 25 
milligrams of ACTH is given to normal 
individuals over a four-hour period, there 
will be a rise from a mean control 
value of plasma _ 17-hydroxycorticoster- 
oids of 16 micrograms percent to a value 
of approximately 40 micrograms percent. 
This represents a normal adrenal re- 
sponse to exogenous ACTH. If the indi- 
vidual has primary Addison’s disease, 
such exogenous ACTH stimulation will 
cause no rise in the blood 17-hydroxycor- 
ticosteroid levels. In hypopituitarism, 
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acute study’, the intravenous adminis- 
tration of cortisol has shown evidence 
of adrenal suppression by interference 
with ACTH release by the pituitary in 
a period of hours. 

These changes and effects from exo- 
genous steroid therapy are sometimes 
duplicated in certain pathological states, 
for example Cushing’s syndrome. In the 
presence of an adrenal tumor producing 
Cushing’s syndrome (which tumor pro- 
duces hydrocortisone in excess and is 
autonomous of pituitary control), exces- 
sively produced hydrocortisone is capable 
of inhibiting the pituitary elaboration of 
ACTH (Fig. IV). This ACTH inhibition 
then removes the normal pituitary stim- 
ulus to the normal contralateral adrenal, 
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and therefore this adrenal becomes atro- 
phic. Here is an example of excessive 
amounts of hydrocortisone produced 
endogenously which is then capable of 
inhibiting pituitary ACTH and causing 
adrenal atrophy on the other side. In 
Cushing’s syndrome due to hyperplasia, 
no actual increase in pituitary elabora- 
tion of ACTH has been demonstrated, 
but it is postulated that a substance may 
be produced by the pituitary that is capa- 
ble of potentiating normal amounts of 
ACTH8. This then stimulates the adre- 
nals to hyperplasia and they enlarge. 


Prolonged Steroid Therapy 

With the above serving as background 
material, it is well now to go into some of 
the many animal experiments that were 
done in the past which have helped to 
focus attention on the possible serious 
effects that exogenous adrenal steroid 
therapy may have upon the human or- 
ganism. Ingle and co-authors in 1937} 
demonstrated that the administration of 
large quantities of exogenous adrenocor- 
tical extract to a normal rat was capable 
of producing atrophy of the adrenal cor- 
tex. They further showed that this 
atrophy could be prevented by the simul- 
taneous administration of a small quan- 
tity of impure adrenocorticotropin. 


Winter and co-authors in 19509 admin- 
instered cortisone acetate to rats. After 
10 days of this therapy, they noted a 
40% loss of adrenal weight in these 
animals and in 6 weeks note that this 
loss amounted to over 50% of their orig- 
inal adrenal weight as compared to con- 
trols. On discontinuation of therapy, re- 
covery of the adrenal atrophy was detect- 
able within 4 days, was well advanced 
within 10 days, and was unquestionably 
complete in 45 days after cessation of 
therapy. Thus far, it is apparent that the 
administration of adrenocortical material 
is capable of producing adrenal atrophy 
in animals; concomitant administration 
of an ACTH substance with this adrenal 
cortical extract is capable of neutralizing 
the atrophic effect; and finally on discon- 
tinuation of suppressive therapy, it is 
apparent that this adrenal atrophy is 
reversible though taking a variable pe- 
riod of time for recovery. 


Lewis and co-authors in 195010 then 
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demonstrated that the atrophic adrenal 
effect of cortisone was via its inhibition 
of the pituitary elaboration of ACTH. 
They administered cortisone acetate to 
intact rats and obtained adrenal atrophy. 
Then they gave the same type of therapy 
to hypophysectomized rats who were 
maintained on exogenous ACTH and in 
these instances there was no effect on 
the adrenal size. Thus, the cortisone did 
not inhibit the exogenous ACTH. One 
can infer from this study that cortisone 
induces adrenal atrophy by inhibiting 
the pituitary elaboration of ACTH di- 
rectly. 

Collins and Olsen in 1954" adminis- 
tered cortisone or hydrocortisone to dogs 
and were able to suppress adrenal func- 
tion. This suppression was maintained 
for 2 weeks after cessation of the ther- 
apy. When they administered ACTH 
simultaneously with the cortisone or 
hydrocortisone, the adrenal suppression 
was prevented, and the adrenal respon- 
siveness was maintained. 


Sydnor in 1955!2, in a study on adren- 
alectomized rats, demonstrated that in- 
travenous hydrocortisone was capable of 
blocking ACTH release by the pituitary 
in the stress adrenalectomized rats with- 
in one or two minutes. Therefore, one 
can see how rapidly the steroid may 
work in suppressing pituitary release 
of ACTH. 


Progressing from animal to human 
studies, Sokoloff et al in 195113 examined 
the adrenals of patients with various 
rheumatic diseases. Some of these pa- 
tients had received variable doses of 
ACTH or cortisone. These authors noted 
that in those patients who had received 
ACTH hypertrophy of the adrenal cortex 
was demonstrable pathologically, and 
those patients who received cortisone ex- 
hibited an atrophy of the adrenal cortex. 


Engelman et al in 1953! studied a ser- 
ies of patients who had been on long term 
adrenal steroid therapy and attempted 
to see how long it would take to stimu- 
late the suppressed adrenal to normal 
function by the administration of ACTH. 
On this basis they found that by the 6th 
day of stimulation, 100% of their pa- 
tients responded normally to ACTH. The 
authors concluded from this that adreno- 
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cortical function may be suppressed by 
the long term administration of cortisone, 
even in maintenance doses. However, 
and this is most important, this adreno- 
cortical suppression is reversible. 

Larzelere and co-authors) studied 22 
patients who had been on varying doses 
of cortisone, hydrocortisone or predni- 
sone for periods up to five years. They 
administered intravenous ACTH to these 
patients to determine their adrenal re- 
sponsiveness. All of their patients re- 
sponded to ACTH, but 16 of the 22 
demonstrated a delayed response in that 
it took three to five days. They found 
no apparent correlation in this series be- 
tween the daily dose of the suppressive 
steroid, the duration of therapy, and the 
adrenal response to ACTH. Quoting 
these authors: “since all of these patients 
ultimately demonstrated adrenal respon- 
siveness, even though they had been 
receiving cortisone continuously for as 
long as 6 years, there would appear to 
be no need for the intermittent with- 
drawal of cortisone to protect against 
irreversible adrenal atrophy; nor should 
intermittent courses of corticotropin be 
necessary during long term therapy with 
cortisone.” 


Comparative Steroid Potencies 

Having briefly presented clinical stud- 
ies of the effects of prolonged steroid 
therapy on adrenal function, it is fitting 
to compare the potencies of the various 
adrenocortical steroids that are current- 
ly being utilized in the therapy of var- 
ious clinical disorders. Cortisone, which 
was one of the earliest pure steroids 
used, has been given in pharmacologic 
dosage; for example, 100 to 300 milli- 
grams per day, in the treatment of var- 
ious medical diseases. On the other hand, 
the use of steroid.in endocrine disorders 
is usually limited to physiologic dosage 
which is a much lower range. Hydro- 
cortisone, which is approximately one 
and one half times more potent than 
cortisone, is used in lesser dosage. More 
recently, the advent of steroids as predni- 
sone and prednisolone, which are at least 
5 times as potent as cortisone, makes 
them effective in much lower dosage, 
e.g., 10 to 30 milligrams per day. Their 
efficacy is judged by their ability to in- 
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hibit the pituitary elaboration of AC’ 'H 
as well as by their clinical effects. 

ACTH, which acts in a different fa h- 
ion, may be used intravenously in G)s- 
age of 25 milligrams over a 6 to 8 hcur 
period; intramuscularly, 25 milligra:ns 
every 6 hours; or as a repository in 
single dosage, once per day, or more 
preferably in dosage of approximately 
40 units every 8 to 12 hours. The com- 
parative strengths of these various com- 
pounds must be appreciated as must 
their ability to induce adrenal atrophy. 

Christy et all6,.17 administered predni- 
sone or cortisone and then noted the 
effect on the blood 17-hydroxycorticoster- 
oid response to ACTH. They found that 
the minimum amount of prednisone 
needed to suppress the adrenal response 
was 20 milligrams per day for 7 days. 
On the other hand, cortisone in doses of 
100 milligrams or more for 7 to 10 days 
did not alter the ACTH response. The 
authors concluded from this that predni- 
sone appeared 5 times as potent as corti- 
sone in suppressing endogenous ACTH 
release. In further studies, they stated 
that treatment with ACTH may acceler- 
ate the return of post steroid adrenocor- 
tical re-activity from the sub-normal to 
normal state. They note, however, that 
the effect of ACTH in improving adrenal 
responsiveness should not be interpreted 
as implying a normal capacity of the 
pituitary to react to sustained stressful 
stimulus. 


Counteraction of Adrenal Suppression 

In view of all that has been said, sev- 
eral authors have attempted to evaluate 
varying regimes that might tend to mini- 
mize the markedly adrenal suppressive 
effect of adrenocortical steroid therapy. 

Birke et all® did such a study. One of 
their groups was treated with 40 milli- 
grams of hydrocortisone per day for 6 
days, and on the 7th day 5 to 20 units of 
a long-acting ACTH preparation was 
given. Then the course of hydrocortisone 
was repeated. This was compared to 
other groups given different regimes of 
therapy. In this particular group, the 
patients showed almost complete adrenal 
suppression after the 6th day of hydro- 
cortisone therapy, and the one dose of 
long-acting ACTH apparently restimu- 
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lated these adrenals to a certain degree. 
However, their data did not appear as 
conclusive as they apparently interpreted 
it to be. In any event, they advocated 
intermittent ACTH therapy to those pa- 
tients who are on long term steroid 
suppression, utilizing ACTH every 7 to 
10 days, and withholding the adrenal 
steroid on that day. 


Adrenal Size 
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and pituitary. 


Young et all® stated that since there 
was some evidence of adrenocortical ac- 
tivity appearing spontaneously in some 
patients approximately 3 to 4 days after 
suppressive adrenal steroid therapy is 
withdrawn, it would appear that inhi- 
bition of corticotropin production by the 
high blood cortical levels induced by this 
endogenous therapy is usually rather 
transient. They felt that in the presence 
of stress, the limiting factor in the pro- 
duction of hydrocortisone by the adrenal 
may well be the adrenocortical atrophy 
rather than the suppression of cortico- 
tropin by the exogenous steroid therapy. 
On this basis, they performed a study and 
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PROLONGED STEROID THERAPY 


ABOVE PLUS INTERMITTENT ACTH 


Fig. V. Effects of prolonged steroid therapy with and without exogenous ACTH on the adrenals 


concluded that the concurrent adminis- 
tration of repository corticotropin at 
weekly intervals in very high dosage 
will usually prevent the development of 
adrenal unresponsiveness. Once again 
the data did not seem very convincing. 
The upper portion of Fig. V demon- 
strates that on exogenous steroid ther- 
apy the pituitary elaboration of ACTH 


a> 
— 


is suppressed, and concomitantly there 
is a decrease in the size of the adrenal 
gland with it becoming progressively 
more and more atrophic. The bottom 
portion shows the same steroid therapy; 
but with intermittent ACTH administra- 
tion. On this regime it is apparent that 
there is an intermittent stimulation of 
a suppressed adrenal, but at the same 
time there is a continuous suppression 
of the pituitary elaboration of ACTH. 
Since it is known that exogenous adre- 
nal steroid therapy will induce adrenal 
atrophy (which atrophy is reversible), 
and furthermore, since it is known that 
such therapy inhibits the endogenous 
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release of ACTH as does the administra- 
tion of exogenous ACTH, there appears 
to be no advantage in the intermittent 
administration of exogenous ACTH. An 
off and on stimulation of a suppressed 
adrenal is produced with intermittent 
ACTH, and there is apparently no ques- 
tion that this does place the adrenal in 
a more responsive state. However, as 
soon as one gives exogenous adrenal 
steroid again, after having administered 
the intermittent ACTH injection, the 
adrenal is once again suppressed. The 
pituitary is maintained in complete sup- 
pression all the time, so that even with 
intermittent ACTH _ stimulation § the 
abrupt withdrawal of the adrenal steroid 
and/or ACTH may leave the adrenal in 
a more responsive state, but there is no 
stimulus from the pituitary to maintain 
it in this responsive state. Furthermore, 
there is no apparent correlation as to the 
degree of adrenal suppression with the 
amount of exogenous steroid adminis- 
tered or how long the steroid is given. 
Therefore, one cannot tell how an indi- 
vidual case will respond. 

Furthermore, one basic physiologic fact 
is still apparent —the adrenal seemingly 
cannot be irreversibly atrophied by ster- 
oid therapy. Therefore, it seems much 
more logical when an individual main- 
tained on suppressive adrenal steroid 
therapy is a candidate for withdrawal 
to taper off such dosage and combine 
this with ACTH by injection or infusion, 
without subjecting the patient to inter- 
mittent ACTH for whatever dubious re- 
sult it may give. 
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In conclusion, therefore, neither do ve 
know the final answer nor do we know 
the best way to evaluate a patient’s a il- 
ity to respond to stress such as operat ve 
trauma after cessation of steroid therapy, 
There is too much variation from _)a- 
tient to patient. However, the best ther- 
apy is prophylactic therapy. This implies 
first the use of adrenal steroids only in 
selected cases where it is absolutely es- 
sential. Further, one must consider the 
following at the time such therapy is 
withdrawn: (1) ACTH must be given 
concomitantly, and (2) the adrenal ster- 
oid must be stopped first while the ACTH 
is maintained and then tapered off. The 
course of the patient during this pro- 
cedure is to be followed with urinary 
17-hydroxycorticosteroids to determine 
when his adrenal is functioning at a 
normal level spontaneously again. 


Summary 


Due to basic pituitary-adrenal physio- 
logic interrrelationships, the administra- 
tion of exogenous adrenal steroid as cor- 
tisol is capable of inducing reversible 
adrenal atrophy. Abrupt cessation of 
such therapy may produce an acute adre- 
nal insufficiency. After discussion of ani- 
mal and human studies pertinent to this 
complication, it would appear most pru- 
dent to taper such steroid therapy at its 
termination and include a course of 
ACTH stimulation which should also be 
tapered. Since adrenal atrophy is not 
predictable regardless of duration or dose 
of steroids administered, the above pro- 
cedure would be utilized best routinely. 
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The search for orally active antidia- 
betic agents and insulin’ substitutes 
predates the discovery of insulin itself. 
Innumerable substances including vaso- 
dilators, antihistaminics, salicylates, 
anticoagulants, oral insulin preparations, 
plant extracts and plant hormones have 
been tried!-12, but only a few have 
had more than fleeting success. Some 
of the better known substances are in- 
cluded in Table 1; the chemical charac- 
teristics and mode of action of these 
and of other compounds have been dis- 
cussed in recent publications!® and will 
be reviewed only briefly. 


I. Guanidine Derivatives. Synthalin 
A and B were among the earliest hypo- 
glycemic drugs to receive fairly exten- 
sive clinical trials!©. However, their 
success was short-lived, primarily be- 
cause they produced frequent side reac- 
tions and occasional necrotic lesions of 
liver and pancreas in animals, partly 
because their usefulness was limited to 
the mild or moderately severe adult dia- 
betics, and perhaps also because insulin 
had been discovered only a few years 
before. Other guanidine derivatives are 
now under _investigation!’. 13.14, The 
best known among them is a_phen- 
ethyldiguanide called DBI, PEDG or 
PEBG which causes marked hypogly- 
cemia accompanied by depletion of liver 
glycogen, evidence of A-cell degranula- 
tion, and changes in the adrenal cortex 
and kidneys, PEDG believed to 
inhibit gluconeogenesis and _ cellular 
respiration and to stimulate anaerobic 
glycolysis!618. Contrary to other hypo- 
glycemic agents, PEDG is insulin inde- 
pendent and is therefore effective in al- 
loxan-diabetic animals!® and in patients 
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with growth-onset or juvenile dia- 
betes2. 21, Unfortunately, the clinicil 
usefulness of PEDG is limited by the 
severity and frequency of side effects:’, 
(Footnote 1.) 

Il. Hypoglycin A and B. The inges- 
tion of unripe fruits of Blighia sapida, 
the Ackee tree of the West Indies or 
Ishin tree of Africa, causes severe “vom- 
iting sickness”, hypoglycemia, convul- 
sions, coma and sometimes death with 
pulmonary edema and damage to the 
liver, kidney, gastric mucosa and lymph- 
atic tissue?2. The active principles of 
Blighia sapida are Hypoglycin A, a 7- 
carbon cyclic amino acid, and Hypogly- 
cin B, a dipeptide of Hypoglycin A and 
glutamic acid 1°. 23.24, These substances 
do not require the presence of the adre- 
nals or the pancreas?5, and have metabolic 
effects different from those of insulin. 
Their clinical usefulness has not been 
investigated because of their marked 
emetic and toxic effects. 

Ill. The Sulfonylureas A. General. In 
1942 Janbon and collaborators?’ accident- 
ally discovered the hypoglycemic effects 
of p-aminobenzene-sulfamide-isopropy]- 
thiodiazol (2254-RP, VK-57, or IPTD), 
while screening several compounds for 
their antibacterial properties. Although 
Loubatieres understood the importance 
of this observation28, interest in the prob- 
lem did not become widespread until 
after the publication of experimental and 
clinical results obtained with carbutam- 
ide (BZ55). Soon other substances with 
hypoglycemic activity were synthesized, 
including tolbutamide or D860, chlorpro- 
pamide or P607, metahexamide or C29880 
and many others6, 28-32, 


1. Recent evidence indicates that concentrations 
of DBI lower than those’ used in previous 
studies and more similar to those obtained in 
vivo following administration of therapeutic 
doses, may stimulate the utilization of glu- 
cose via the shunt pathway!63-164, In small 
doses and in conjunction with insulin, DBI 
may deserve careful clinical trial in selected 
cases of brittle or juvenile diabetes. The clin- 
ical usefulness of this drug has been evalu- 
ated recently. 
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ORALLY ACTIVE HYPOGLYCEMIC AGENTS 


GENERAL FORMULA 


NH NH 
R-NH-C-NH-C-NH, 
NH NH 


DIGUANIDES 


CH,- 


-OH 


7C-«-AMINO ACIDS 


—GLUTAMIC 


SULFONYLAMIDES 


SULFONYLUREAS 


HAN 


3. Chemistry. The chemical composi- 
tion of the best known sulfonylureas is 
given in Table 1. Methods for their esti- 
mation in blood and urine are avail- 
ables, 9,33-37, For added information on 
the chemistry of these and other com- 
pounds, and on the relationship of chem- 
ical structure to hypoglycemic potency, 
the reader is referred to other studies!-9. 

C. Pharmacology, Absorption, Fate, 
Excretion and Dosage. The sulfony- 
lureas are absorbed rapidly and excreted, 
metabolized or inactivated in different 
ways and at variable speeds!-9.33, so that 
effective plasma concentrations are main- 
tained for different lengths of time?8. For 
example, the “half-life” of carbutamide 
and chlorpropamide in the blood is 30 to 
40 hours, while that of tolbutamide is 
about 4 hours3*1!, This variability in the 
rate of disposal, coupled with. the intrin- 
sic potency and toxicity of the drugs, de- 
termines their average effective dose and 
side effects!-9.39-47, Large doses. of 
these drugs may injure liver, kidney, 
pancreas, adrenals and other organs!-9, 48 
and impair fetal development? in the 
experimental animal, but in therapeutic 
doses their toxicity is gratifyingly low. 
The most frequent side effects are anor- 
exia, nausea, vomiting, gastro-intestinal 
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COMPOUND 


A 
N12, DODECAMETHYLENE-DIGUANIDINE,SYNTHALIN B 
PHENETHYLDIGUANIDE, PEDG, DBI 
AMYL-DIGUANIDE 


ISOAMYL- DIGUANIDE 


~(METHYLENE -CYCLOPROPYL)—L— « 
AMINOPROPIONIC ACID, HYPOGLYCIN A 


HYPOGLYCIN B 


THIODIAZOL, 2254 RP, |PTD 


CARBUTAMIDE,BZ 55 


CHLORPROPAMIDE ,P607 
TOLBUTAMIDE, D860 
METAHE XAMIDE,C29880, wP—40 


discomfort. skin eruptions, leucopenia, 
muscular weakness and feverl-9. In a 
series of 9163 cases of diabetes treated 
with tolbutamide; the incidence of side 
reaction was only 3.2% (292 cases), and 
only in 173 patients (1.9%) were these 
effects sufficiently severe to require in- 
terruption or discontinuation of ther- 
apy59. The rate of side reactions in ap- 
proximately 2500 cases treated with me- 
tahexamide seems to be higher (about 
6.5%, with several cases of jaundice), but 
this series includes a number of patients 
treated with excessively large doses9. 
(Footnote, 2.) Ataxia, severe neuromus- 
cular reactions5!-52 and rare cases of 
death have been reported53. In some 
cases, death may have been due to with- 
drawal of insulin rather than the drug 
itself5+. Hypoglycemic reactions may oc- 
cur, but, in general, they are not as 
severe as those caused by an overdose 
of insulin. (Footnote 3.) 

Mode of Action. 1) Inhibition of anter- 
ior pituitary, adrenocortical or thyroid 
hormone secretions or action or stimula- 


2. Recently, metahexamide was withdrawn from 
clinical trial for excessive liver toxicity. 


3. Severe hypoglycemic shock due to chlor- 
propamide was reported recently!66, 
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tion of their destruction. This mode of 
action has been ruled out by the observa- 
tion that hypophysectomy and thyroidec- 
tomy do not decrease and adrenalectomy 
greatly enhances the hypoglycemic re- 
sponse sulfonylurea administra- 
tion55-58, 

2) Inhibition of glucagon secretion or 
action, or enhancement of glucagon de- 
struction. Early observers reported that 
the hypoglycemic drugs cause extensive 
damage to the A-cells of the islets of 
Langerhans, and suggested that their ef- 
fect was due to a decreased secretion of 
glucagon. These results have been criti- 
cized59 and have not been confirmed 
by subsequent investigation?§, 60,61, 
though occasionally a decrease in stain- 
ability of the A-cells has been observed 
in treated animals, this may reflect the 
acute glucagon discharge believed to oc- 
cur as a homeostatic response to hypo- 
glycemia 62, and may be the result rather 
than the cause of hypoglycemia®3, Pro- 
longed treatment with tolbutamide does 
not affect the glucagon content of the 
pancreas®4, Some investigators have re- 
ported that tolbutamide treatment inter- 
feres with the action of glucagon in 
vivo>9,65 and in vitro®6, but other inves- 
tigators have not confirmed these _ re- 
sults 60,67,68, Moreover, the degradation 
of glucagon is unaffected by tolbutamide 
treatment®8,69, suggesting that glucagon 
is not a significant factor in sulfonylurea 
hypoglycemia. 

3) Inhibition of liver glucose produc- 
tion. Liver glycogenolysis requires three 
steps: phosphorylation of glycogen to glu- 
cose-1-phosphate, conversion of glucose-1- 
phosphate to. glucose-6-phosphate and 
hydrolysis of glucose-6-phosphate to glu- 
cose and inorganic phosphate. The first 
reaction is catalyzed by phosphorylase, 
the synthesis of which is promoted by 
glucagon. The second reaction is cata- 
lyzed by phosphoglucomutase and the 
third by glucose-6-phosphatase. There 
is no evidence that the sulfonylureas 
depress liver phosphorylase and phospho- 
glucomutase activity7% The results of 
glucose - 6 - phosphatase measurements 
have not been uniform: one group of 
investigators71 found that oral carbuta- 
mide does not depress glucose-6-phospha- 
tase activity in liver homogenates of nor- 
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mal and alloxan-diabetic rats; other woik- 
ers found that oral tolbutamide depresses 
the enzyme activity in the liver of nor- 
mal rats?2,73 and restores to normal the 
activity increased by alloxan treatment’4, 
According to some investigators?5,76, tol- 
butamide added in vitro to rat liver lo- 
mogenates, in concentrations similar to 
those which must be reached in plasina 
to obtain hypoglycemia, causes slight, 
but reproducible inhibition of glucose-6- 
phosphatase activity. According to oth- 
this phenomenon can be ob- 
served only when large concentrations 
of the drug are used. Several DPN-de- 
pendent liver dehydrogenases may also 
be depressed by sulfonylureas’s, 
More convincing evidence of a decreased 
release of glucose from the liver has 
been obtained from studies of the rate 
of disappearance of C1!4-labeled glucose 
from plasma after intravenous adminis- 
tration”?-81, from measurements of liver 
glucose output by means of hepatic and 
portal vein catheterization’2, 83, and from 
the inhibition of fructose or galactose 
induced hyperglycemia§4-86, As expected, 
this decrease in liver glucose output is 
acccmpanied by an increase of liver gly- 
cogens-"!, and of the incorporation of Cl- 
labeled glucose into liver glycogen92, 93, 

Although these experiments suggest 
that the liver is a major site of action 
of the sulfonylureas, the presence of the 
liver is not essential; tolbutamide is just 
as effective in hepatectomized dogs main- 
tained on constant glucose infusion as 
in normal dogs%4,95, On the other hand, 
sulfonylureas are completely inactive in 
totally depancreatized or severely allox- 
an-diabetic animals28,55,56,96-102, q fact 
suggesting that hypoglycemia may be 
the result of an insulin sparing action or 
a stimulation of insulin release. 

4) Insulin sparing action. Under nor- 
mal conditions, insulin is destroyed by 
insulinase systems present in various 
tissues. Tolbutamide and carbutamide, 
administered in vivo: or added in 
vitro™3, inhibit liver insulinase activity. 
However, this effect does not appear suf- 
ficient to alter the over-all insulin degra- 
dation processes in the intact organism 
68,69,104, and may not be specific15. It 
is possible that the increased activity of 
insulin in the presence of sulfonylureas, 
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observed in vitro! and in 
may be the result of additive or poten- 
tiating rather than insulin sparing ef- 
fects. 

5) Stimulation of insulin release. The 
following experiments and clinical evi- 
dence suggest that the sulfonylureas 
may stimulate insulin release from the 
pancreas: a) drug administration is fol- 
lowed by marked degranulation!99, 102, 
111, increased mitotic activity!!2 and 
hyperplasia®! of the B-cells; b) tolbuta- 
mide does not cause hypoglycemia when 
the B-cells have been completely de- 
granulated and possibly pre-emptied of 
their insulin content by previous treat- 
ment, such as in partially depancreatized 
animals treated with adrenal steroids 
and in animals with metahypophyseal 
diabetes113; ¢) pre-treatment with tol- 
butamide lessens the initial alloxan hypo- 
glycemia believed to be caused by the 
release of insulin from the destroyed B- 
cells114; d) degranulation of the B-cells 
is accompanied by an increase in the in- 
sulin activity of pancreatic, portal and 
systemic blood, as indicated by cross- 
circulation experiments?8,115 or by 
means of the rat diaphragm method in 
some64,112,116-118, although not in other 
experiments!19, 120; e) small quantities of 
sulfonylureas injected into the pancreatic 
artery cause hypoglycemia, according to 
some investigators28,121,122, but incon- 
clusive or negative results according to 
others107,123,124- f) the injection of a 
new sulfonylurea derivative causes a 
decrease in the deposition of S%5-labeled 
cystine in the pancreas of rats125,126, 
In accordance with the hypothesis of in- 
sulin release. there is an apparent rela- 
tionship between hypoglycemic potency 
of the drugs and pancreatic reserve of 
the individual. Thus. hypoglycemia is 
more marked in normal than in diabetic 
subjects!27 and in diabetic subjects with 
high plasma insulin activity than in pa- 
tients with low activity or none at all129, 

Although based on strong experimental 
and clinical evidence, insulin release by 
the pancreas cannot be accepted as the 
sole explanation for the hypoglycemia 
unless it can be shown that other me- 
tabolic effects of insulin are also shared 
by the drugs. Results of experiments 
designed to study this point have not 
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been uniform. For example, some inves- 
tigators reported that treatment with sul- 
fonylureas improves the carbohydrate 
tolerance of normal animals and diabetic 
subjects, while other investigators could 
find no significant changes!-9. The ac- 
tion of sulfonylureas on muscle glycogen 
is also uncertain, as it has been reported 
that its synthesis is stimulated93,128_ jn- 
hibited’9 or unaffected82,87,129 by tol- 
butamide administered in vivo. Most in- 
vestigators (with at least two exceptions 
130,131) believe that, contrary to insulin, 
carbutamide and tolbutamide do not 
stimulate glucose uptake by the isolated 
rat diaphragm!5,132 or by the isolated 
frog musclel33, The effect of sulfonylu- 
reas on glucose utilization by peripheral 
tissues in vivo is also uncertain; it has 
been reported that tolbutamide, like in- 
sulin, increases in peripheral glucose 
utilization in normal dogs, as indicated 
by artero-venous glucose difference134,135, 
and that in diabetic patients tolbutamide, 
like insulin, lowers the minimum concen- 
tration of blood glucose at which utiliza- 
tion begins!36, However, other work- 
ersS4,137-139 could find no evidence of in- 
creased peripheral utilization of glucose. 

Unlike insulin, the sulfonylureas pro- 
mote glycogen deposition in the livers’. 
89,91,92, and do not increase but decrease 
blood lactate and pyruvatel23, 124, 140-142, 
Like insulin, tolbutamide decreases the 
concentration of plasma amino acids, 
non-esterified fatty acids!144, and ketone 
bodies™, but, unlike insulin, it does not 
affect the disappearance of D-xylose and 
L-arabinose from the bloods, Uncer- 
tain is the effect of sulfonylureas on 
serum inorganic phosphate which was 
found decreased in normal and in dia- 
betic subjects by some investigators116, 
146, but unchanged by others84,147, and 
on plasma potassium which also was 
found decreased by some investigators 
116,148 and unchanged by others123,124, 
140, 141,147,149, The reasons for these dis- 
crepancies are not clear. In some cases 
the pancreatropic effect may have been 
too small to be detected; in other cases 
it may have occurred at a time when the 
insulin content of the pancreas was al- 
ready depleted® However, other ex- 
planations are also possible: perhaps the 
drugs act on the liver and other tissues 
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as well as on the pancreas or perhaps 
insulin, secreted directly into the portal 
system as a result of normal pancreatic 
function or pancreatic stimulation, acts 
differently from insulin injected peri- 
pherally. Experiments designed to study 
these possibilities also have given con- 
tradictory results. Several groups of 
workers studied the effect of tolbutamide 
and of insulin injected into the portal 
or into the femoral vein on the rate of 
disappearance from the plasma of C14- 
labeled glucose. One group’? concluded 
that tolbutamide causes hypoglycemia by 
blocking the release of glucose from the 
liver. while insulin, whether injected into 
the portal or into the femoral vein, acts 
primarily by increasing peripheral glu- 
cose utilization. The second group of 
workersS° confirmed the observation with 
tolbutamide and insulin injected intra- 
venously, but, in addition, found that 
when insulin is injected subcutaneously 
and is slowly absorbed, it acts like tolbu- 
tamide, causing a suppression of glucose 
entry into the blood without affecting 
its removal. Still another group of work- 
ers150 reported that, at comparable lev- 
els of hypoglycemia, injections of insulin 
into the portal vein are followed hy 
smaller increases in peripheral glucose 
utilization than injections into a_peri- 
pheral vein and suggest that the metabol- 
ic effects of insulin may vary depending 
upon the route of administration. Unfor- 
tunately, these conclusions are based on 
the measurement of A-V differences with- 
out simultaneous measurements of blood 
flow. 

There are indications that when small 
doses of insulin are injected into the por- 
tal vein a relatively large fraction of it 
is destroyed or captured by the liver 
and that little or no insulin appears in 
the general circulation. With increasing 
doses. increasing amounts of insulin 
would escape the liver and become avail- 
able for peripheral action9. These ob- 
servations suggest that differences be- 
tween the findings of various investiga- 
tors may be the result of dose and rate 
of administration rather than of intrinsic 
qualitative differences in mode of action. 

Experiments performed in this labora- 
tory123, 124,140,141 did not disclose signifi- 
cant qualitative differences between the 
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effects of insulin injected into the portal 
or into the femoral vein of anesthetiz:d 
dogs: in all cases insulin caused an }:- 
crease in the concentration of bload 
pyruvate and lactate and a marked (e- 
crease in plasma potassium. On the oth- 
er hand, the intravenous administration 
of carbutamide, tolbutamide, chlorpro- 
pamide and metahexamide caused a (e- 
crease not only in blood glucose, but 
also in blood pyruvate and lactate and 
only an occasional, but small decrease in 
plasma potassium. These results do not 
contradict the strong evidence for a pan- 
creatropic action of the sulfonylureas, 
but suggest that the drugs may act in 
other ways also. 

IV. Conclusions. The experimental 
evidence reviewed in this paper suggests 
that sulfonylureas act by suppressing 
liver glucose production and that this 
action is possible only when insulin is 
injected or released in “permissive” 
amounts. This hypothesis would explain 
why the drugs cause hypoglycemia in 
the absence of the liver when glycogeno- 
lysis is absent, insulin secretion normal 
and insulin destruction normal or re- 
duced, and why they are not effective 
in the absence of functioning pancreatic 
tissue or of exogenous insulin when gly- 
cogenolysis and gluconeogenesis proceed 
at an overwhelming rate. Thus, carbu- 
tamide and tolbutamide may exert their 
hypoglycemic effect only in normal, par- 
tially alloxanized or partially depancrea- 
tized animals, or in mild diabetic patients 
where insulin may be provided by the 
stimulation of the B-cells in quantities 
sufficient to make the liver action of the 
drugs possible. Essentially the same con- 
clusion was reached recently by other 
investigators148, 

If this hypothesis is correct, prolonged 
therapy with sulfonylurea-like drugs 
should be attempted with caution, for 
the suppression of hepatic glucose pro- 
duction may be a sign of injury and, al- 
though continued stimulation of the B- 
cells may result in hypertrophy and in- 
creased insulin production61!,151-154, it 
may lead also to functional insufficiency. 
That this may happen is suggested by 
the inability of the pancreas to respond 
to further stimulation!’, by the de- 
creased glucose tolerancel52 and by the 
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gradual increase of fasting blood glucose 
to diabetic levels155, observed in chron- 
ically treated rats. 

In addition to the possibility of func- 
tional and structural damage, harm may 
be done by withholding insulin therapy; 
the problem of diabetic complications has 
not been solved, as a disturbingly large 
number of patients still suffer from neur- 
itis, retinitis, lens opacities, glomerular 
and other vascular lesions!56. Are these 
lesions related to the alterations in car- 
bohydrate metabolism, to the disturbed 
lipid and lipoprotein composition of the 
serum, or to other unknown factors? 
We do not know the answers to these 


questions, but we do know that the major 
metabolic defects of diabetes can be cor- 
rected to a great extent with insulin. It 
is doubtful whether the same goals can 
be reached with the sulfonylureas which 
do not appear to stimulate glucose utili- 
zation directly and may!44,157 or may 
not158 correct the blood lipid aberrations. 
For these reasons it may be wise to give 
the patients the benefit of the doubt and 
use oral therapy only as an adjuvant to 
insulin39, 159-162 or in those patients who 
cannot be treated with diet alone, who 
refuse insulin or for whom the use of 
insulin is made hazardous by physical or 
mental handicaps. 
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The great advances, the rapid progress 
and the far-reaching achievements in all 
areas of scientific endeavor cannot help 
but leave their impress upon the indi- 
vidual and upon the society in which he 
finds himself. Glowing, stirring accounts 
of these attainments not infrequently 
distort his perspective of the firm foun- 
dations on which they rest. These foun- 
dations have been laid and_ raised 
through the efforts and labors of count- 
less other individuals who have con- 
tributed in minute ways toward the con- 
struction of the scientific edifice. Such 
contributions are in the form of ideas — 
concepts derived through research — 
which in due course are combined with 
others to form a vast pool to be tapped 
as man’s scientific frontiers expand. 


In no other field of endeavor as in 
medicine has basic research been of 
such paramount importance. All of the 
forward steps taken in the alleviation of 
human suffering have had their roots in 
the small sums of knowledge added and 
re-added by dedicated individuals. 


We have at hand no finer example 
than that of the history of Diabetes Mel- 
litus. In the study of any disease proc- 
ess, it is well to begin with the patient 
who has been afflicted —a clinical study. 
The close observation of the signs and 
symptoms, the examination of the lesions 
which produce them and the effects of 
treatment should all be considered. Such 
activities. however, provide only a seg- 
ment of knowledge. One must search 
further: he must follow the course of 
the disease as it moves from its incep- 
tion. Because this cannot be accom- 
plished in man, attempts must be made 
to reproduce the disease in the labora- 
tory animal where its time of origin can 
be ascertained and its course and prog- 
ress charted and scrutinized. It is here 
that experimental diabetes takes root. A 
history of the laboratory study of this 
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disease is truly a history of all basic 
research. 
Pancreatectomy 

It was in the spring of 1889 that Von 
Mehring and Minkowski attempted, 
while working on experiments with 
lipid enzymes to remove the pancreas 
from a dog. They had been warned pre- 
viously, by no less a personage than 
Claude Bernard, that no animal could 
possibly survive such an ordeal. How- 
ever, this dog did survive and, to the 
surprise, even consternation of Min- 
kowski (Von Mehring appeared to have 
soon lost his interest in the enterprise)!, 
it developed glycosuria. 

Early it became apparent that if sim- 
ilar animals were to live and become 
useful research tools, less radical means 
must be employed. Subtotal pancreatect- 
omy came into prominence when it was 
proven that by this procedure diabetes 
could be successfully established in via- 
ble animals?. The way was now open 
for the classical morphologic descriptions 
of the islet lesions in the dog by Allen3 
and in the dog and cat by Homans’.5, 
The loss of granules from the beta cell, 
the swelling and vacuolation of its cyto- 
plasm and the eventual disintegration 
of the cell were well documented. 


Thus it now became possible to ob- 
serve the early effect of diabetes on the 
pancreas. These experiments were, not- 
withstanding, drastic procedures, and the 
conclusions so obtained could not be 
accurately predicated on the human sub- 
ject where the organ, though diseased, 
remains within the body. 


Glucose Administration 

Woerner®, in 1938, gave continuous in- 
travenous injections of dextrose to a 
series of guinea pigs. Though marked 
hyperglycemia supervened, the pancreata 
of these animals revealed the degranula- 
tion and disappearance of their beta 
cells. Astonishingly, the islets seemed 
to increase in size and new beta cells 
arose through mitoses of pre-existing 
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ones. Within a month, the islets were 
almost restored and the guinea pigs gave 
no evidence of diabetes. These observa- 
tions were confirmed the following year 
by Gomori’. It was now manifest that 
diabetes could be reproduced in an ani- 
mal as a consequence of glucose admin- 
istration. 

When Dohan and Lukens reported the 
results of their investigations’, the often- 
noted beta cell degranulation took on 
added significance. It appeared that these 
cells were under a functional strain due 
to the increased load of carbohydrate 
placed into the circulation, and many of 
them became exhausted; the loss of gran- 
ules was correlated with a decrease in 
available insulin9.10. This issue, however, 
was obscured by later evidence?. 

Such basic observations as these intro- 
duced a broader perspective. Another 
link was added to this complex chain of 
deranged animal metabolism. 


Alloxan 

A real impetus in the basic research 
of diabetes, and indeed of all metabolic 
disorders, was provided in 1943 when 
Dunn and his associates! announced 
that the injection of alloxan, a derivative 
of normal purine metabolism, into rab- 
bits brought about severe hyperglycemia 
and destruction of the pancreatic islets. 
Other investigators soon verified these 
findings!2. 13, 14, 

Employing this substance, Goldner and 
Gomoril5 established diabetes in the dog. 
The animals were preserved for consid- 
erable periods and, when sacrificed, the 
salient histological feature was found to 
be the disappearance of the beta cells. 
They also noted a marked vacuolation 
of the pancreatic duct epithelium, an 
observation of considerable significance 
to later investigators. 

Because it had been demonstrated that 
the intrinsic pancreatic action of alloxan 
was both rapid and specific, the issue 
Was now concerned with the earliest islet 
cell changes. Beginning degranulation of 
the beta cells occurs within five min- 
utes!6, The cytoplasm begins to frag- 
ment within eight hours and nuclear 
pyknosis soon follows; the cell then 
shrinks, and by the fourth or fifth day 
af er alloxanization, only occasional beta 
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cells are discernablelt+. Hydropic degen- 
eration of the islet cells was described 
by Kennedy and Lukens!’, but was re- 
ported by them to be transitory in na- 
ture. The alpha cells remain essentially 
unaffected !8, 19. 20, 

Other organs are also influenced by 
this substance. The renal tubular eitheli- 
um shows focal or extensive hydropic 
degeneration and glycogen infiltration2!. 
22,23, The liver is injured also. There are 
foci of necrosis scattered throughout the 
parenchyma and glycogen is lost from 
the hepatic cells. 

In 1947, Duff and his co-workers” de- 
scribed extensive hydropic degeneration 
in the pancreatic islets and ductules of 
chronically diabetic rabbits that persisted 
despite the long duration of the disease, 
but yet was reversible with insulin treat- 
ment. Similar observations were made 
in the pancreas of the cat by Haist?25. 
The exact nature of this co-called “hy- 
dropic degeneration” of the pancreatic 
islets was elucidated in the course of the 
interesting studies of Toreson26 who, by 
appropriate histologic technics, estab- 
lished beyond all question that the vacu- 
oles in the alloxanized pancreas were 
not “hydropic,” but were instead the re- 
sult of artifactual removal of intracyto- 
plasmic masses or accumulations of gly- 
cogen rather than the accumulation of 
excessive quantities of serous fluid. He 
introduced the term, “Glycogen infiltra- 
tion.” On the basis of this investigation, 
it appears quite likely that in Diabetes 
Mellitus, there is a progressive infiltra- 
tion of glycogen into the pancreas, as 
observed also in the human organ by 
Toreson. 

Recognizing the significance of this 
study, Lazarus and Volk?’ imply that the 
concept of hydropic degeneration repre- 
senting functional exhaustion of the beta 
cell is no longer tenable, because vacu- 
olation of this cell, rather than repre- 
senting a degenerating lesion due to 
such exhaustion, is in reality an expres- 
sion of glycogen infiltration as a conse- 
quence of hyperglycemia. It is proposed 
instead that degranulation and vacuola- 
tion of beta cells not be considered as 
sequential events, but instead as inde- 
pendent manifestations of hypergly- 
cemia. 
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Johnson?8 noted that in the alloxanized 
guinea pig restoration of the injured 
islet tissue occurred within four days. 
This, he speculated, was attributable to: 
1) transformation of peri-insular acinar 
cells into islet cells by what he termed, 
“redifferentiation,” 2) transformation of 
acini into new islets and 3) proliferation 
of the epithelium of the smallest ducts 
to form new islets. Islet degeneration by 
the proliferation of pre-existing beta 
cells, as previously described, was now 
thought to play but a minor role. More 
recent evidence indicates that at least 
part of the beta cells in regenerating 
islets arise from ductule epithelium of 
the pancreas?9, 


With the continuing improvement of 
technics and equipment, such concepts 
as these will be expanded and amplified 
in the light of ultramicroscopic studies30. 


At this stage, the picture is at once 
becoming clear and also complex. More 
building blocks are now to be added to 
the temple of diabetic understanding. 


Pituitary Diabetes 

The relationships between the anterior 
pituitary gland and the pancreas have 
long been investigated. In 1927, Johns 
and his associates3! produced hypergly- 
cemia, polyuria and glycosuria in dogs 
following the injection of extracts of the 
anterior lobe of the ox pituitary gland. 
The further relation of this portion of 
the gland to carbohydrate metabolism 
was suspected on the basis of the often- 
noted occurrence of hyperglycemia and 
glycosuria in acromegaly. The observa- 
tions of Johns and his group were sub- 
sequently confirmed in the dog and in 
the rabbit 32.33, 


An important link in this chain was 
supplied by Houssay and Biasotti34 when 
it was shown by them that diabetes 
could be prevented in toads by the re- 
moval of the anterior lobe of the pitu- 
itary; furthermore, subcutaneous implan- 
tation of the gland in these animals re- 
established the diabetes. 


That pituitary diabetes could be made 
permanent with destruction of the pan- 
creatic islets was proven by Young35 
who employed daily injections of an- 
terior lobe extract. 
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Attention became critically focused \n 
the role of the anterior pituitary gla id 
in diabetes by the monumental e. 
searches of Houssay%6, This investigaior 
reported that the removal of the pen- 
creas of an animal from which the pi:u- 
itary gland had previously been extract- 
ed resulted in a more attenuated diabetes 
than that which followed pancreatectomy 
in a normal dog. 

Interest now centered on a more pre- 
cise study of the hormones produced by 
the anterior lobe of the pituitary. The 
question arose as to which one(s) of 
the secretions elaborated by this organ 
are actually concerned with diabetes. 
Bennet and Li3?7 induced increased gly- 
cosuria in diabetic rats by the injection 
of purified adrenocorticotropic hormones. 
A similar diabetogenic effect was record- 
ed in normal and in partially depancre- 
atized animals by other investigators38.39, 
A temporary diabetic state has recently 
been produced in normal human sub- 
jects by the injection of ACTH. 

Purified growth hormone has likewise 
been shown to have potent diabetogenic 
properties*! in intact and in partially de- 
pancreatized rats??. 

The thyrotropic, lactogenic and gonado- 
tropic factors of the anterior lobe do 
not possess any diabetogenic properties. 


Thyroid Diabetes 

It is known that the feeding of thyroid 
tissue to normal animals may be subse- 
quently followed by transitory hyper- 
glycemia. Permanent diabetes cannot be 
induced, however. If the pancreas is in 
some way injured, either by partial 
removal, the administration of alloxan 
or by the injection of anterior pituitary 
extracts, thyroid feeding will produce 
hyperglycemia and, if continued suffi- 
ciently. a lasting diabetes with glyco- 
suria, ketonuria and characteristic beta 
cell alterations. Experimental diabetes 
produced in this fashion will persist 
even when the administration of thyroid 
has ceased. This appears to indicate that 
the thyroid role is supplementary. Such 
persistance is termed by Houssay* 
“metathyroid diabetes.” 

A diet rich in carbohydrates favors the 
onset of diabetes, and the administration 
of insulin will prevent its occurrence 
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but will not effect a cure once the disease 
has become established. It has been 
demonstrated that the removal of the 
thyroid gland simultaneously with par- 
tial pancreaectomy in an experimental 
rat will circumvent the appearance of 
this disease in the animal. 


The true bonds between thyroid and 
pancreas and the mechanisms which 
result in diabetes are still obscure. Long 
continued hyperglycemia may, as has 
been suggested, exert some injurious ef- 
fect upon the beta cells?, but much has 
yet to be uncovered in this search. 


Steroid Diabetes 


That a connection exists between the 
adrenal gland and diabetes was clearly 
established by the important work of 
Long“ who demonstrated that coincident 
with the removal of the adrenal glands 
from a cat, in which diabetes had pre- 
viously been produced by pancreatecto- 
my, there was a striking decrease in the 
excretion of glucose and acetone. The 
significant role played by the adrenal 
cortex was further shown when the de- 
nervation or demedullation of the glands 
failed to alleviate the condition. These 
observations were strengthened when 
evidence was introduced that the admin- 
istration of corticosteroids to intact and 
to partially depancreatized rats would 
produce or increase glycosuria4s. 46, 


When purified adrenal cortical hor- 
mones became available, impetus was 
given to the production of diabetes with 
these substances. Corticosterone, 17-hy- 
droxycorticosterone and 17-hydroxy-11-de- 
hydrocorticosterone have all been found 
to possess diabetogenic action#3. The 
mechanisms involved are under current 
study. The corticosteroids appear to 
exert at least some effect by stimulat- 
ing gluconeogenesis from protein and 
perhaps also by inhibiting the proper 
utilization of body carbohydrate. 


The pancreatic islets of cortisone- 
treated animals exhibit striking altera- 
tions. These are: 1) degranulation and 
glycogen infiltration of the beta cells; )2 
glycogen infiltration of the cells in the 
intercalated ducts; 3) diffuse prolifera- 
tion of the small ductules of the pancreas 
and the intra-islet vessels and 4) changes 
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in size 
the islets. 

Though both ACTH and cortisone have 
been proven to produce similar effects 
upon the islet cells5!, the influence of the 
adrenal glands upon the pancreas can- 
not be distinctly separated from those 
possibly exerted by the adrenocortropic 
hormone of the anterior lobe of the pitui- 
tary. The roles of both are indeed com- 
plex. 


(hypertrophy) and shape of 


Other Diabetogenic Agents 

Uric Acid 

There is experimental evidence that 
uric acid, which is chemically related to 
alloxan, will produce in animals hyper- 
glycemia and glycosuria if the blood glu- 
tathione level has been previously low- 
ered by suitable dietary measures. Islet 
cell lesions, histologically similar to 
those in mild alloxan diabetes, have been 
described52.53, 


Estrogens 


Estrogenic hormones, especially stil- 
besterol, are able to stimulate hypergly- 
cemia and glycosuria in partially depan- 
creatized rats. Massive doses of testo- 
sterone have a_ similar, though less 
pronounced diabetogenic action‘. 

Though the diabetogenic action of the 
hormones of the anterior pituitary gland 
and the adrenal cortex may be perceived 
because of the close relationship they 
bear to carbohydrate metabolism, the 
observed effects of estrogens are far less 
comprehendable. Ingle5+, noting a simi- 
lar hyperglycemic consequence’ with 
estrogenic hormones and with adrenal 
steroids, postulated that since the cortices 
of the adrenals enlarge during the ad- 
ministration of estrogens, the observed 
diabetogenic effect of these substances 
may be the result of an increased forma- 
tion of steroids. Experimental evidence, 
however, did not lend support to such 
an idea. 

Partially depancreatized rats were 
made diabetic by the daily injection of 
diethylstilbesterol; glycosuria stopped 
when these injections were discontinued. 
The animals were then adrenalectomized; 
glycosuria again followed hormone injec- 
tion and was checked by its withdrawal. 
When these animals were given main- 
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tenance doses of cortical steroids or 
sodium chloride, the diabetogenic effects 
of the estrogenic hormone was slight or 
absent. It was thus established that the 
presence of the adrenal cortical hormones 
is essential for a full manifestation of 
the diabetogenic action of estrogens, but 
a change in the secretory activity of the 
adrenal cortex did not appear essential 
for its manifestation. 


Recent evidence indicates that estradiol, 
alone and in combination with insulin, 
may induce a moderation of experiment- 
ally produced (alloxan) diabetes and his- 
tologic recovery of the beta cells55. Hous- 
say56 has demonstrated that estrogens 
decreased the incidence of diabetes in 
subtotally pancreatectomized rats while 
androgens (testosterone) brought about 
an increase in the incidence and severity 
of the condition. Other steroids (pro- 
gesterone and desoxycorticosterone) ex- 
erted no effect. The protective action of 
estrogens is attributed to the fact that 
they induce hypertrophy and hyperplasia 
of the pancreatic islets. 


Organic Reagents 


Using as a basis the fact that zine has 
been detected histochemically in the pan- 
creatic islets, Kodota5? has produced hy- 
perglycemia and beta cell necrosis by the 
intravenous injection of 8-hydroxyquino- 
line and diphenylthiocarbazone, chemical 
agents which are able to bind zinc ren- 
dering it unavailable for metabolic pur- 
poses. 


Ascorbic Acid Derivatives 

Ascorbic acid is present in the body 
in an oxidized form known as dehydro- 
ascorbic acid. This substance possesses 
many chemical similarities to alloxan. 
Pattersons’, has been able to induce per- 
manent hyperglycemia by the injection 
of dehydroascorbic acid. He also re- 
ported that greatly reduced amounts of 
alloxan are required to produce diabetes 
in rats if simultaneous injections of de- 
hydroascorbic acid are given to the ani- 
mals. Thus, this latter substance would 
appear to possess synergistic action with 
alloxan. 

Spanning the Gulf 


In this brief summary, an endeavor 
has been made to trace the development 
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of basic research in Diabetes Mellit is 
and to further show how the contril u- 
tions which have been forthcoming ae 
singularly and mutually effective in «d- 
vancing the understanding of this <i- 
sease. At this juncture, it would seen 
desirable to comment on the impact of 
such laboratory study upon the humen 
illness. 

The question, for instance, arises as 
to whether the earliest experimental 
changes in the diabetic organ have their 
counterpart in the human pancreas. It 
is known that many of the latter tissue 
alterations are morphologically identical. 
Soon after its introduction as a diabeto- 
genic agent, Brunschweig®? attempted the 
use of alloxan in the treatment of a 
human islet cell tumor. This attempt 
did not meet with success, and it was 
concluded that the human species, at 
least, was immune to the effects of this 
substance. Later studies by Conn and his 
associates6> demonstrated that necrosis 
could be induced in normal intact beta 
cells, though it required large quantities 
of the drug to do so. 

Further, it has been found possible to 
induce diabetes in normal human sub- 
jects by the administration of adrenocor- 
ticotropic hormone, the condition lasting 
as long as this material is injected. 
Because the severity of the disease in- 
creased with the duration of this treat- 
ment, it appears possible to cause in 
man a permanent state of diabetes. Conn 
and co-workers have observed, in addi- 
tion to derangements in glucose tolerance 
and glycosuria, an increased excetion of 
uric acid. It has been postulated that 
ACTH is responsible for larger concen- 
trations of the intermediaries of purine 
metabolism, especially uric acid, and a 
fall in the level of blood glutathione. 
The beta cells are particularly sensitive 
to such changes and the production or 
release of insulin may consequently he 
affected®1, 62, 

Thus the relation of basic research to 
the clinical aspect of diabetes becomes 
more significant with the passage of 
time. In spanning the chasm between 
laboratory and clinic, sight must not be 
lost of the fact that though the disease 
processes may appear similar, the host 
organisms are not. As Goldneré has 
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recently stated, the human organism is 
subject to stress of many sorts, all of 
which leave their mark upon disease 
and modify it in ways not always repro- 
ducible in the laboratory. 

Lastly, in any discourse on diabetes, 
one must never forget the truly monu- 
mental bridge erected between labora- 


tory and clinic by Banting and Best who, 
in 1921, discovered insulin. 

This then is the real significance of 
experimental diabetes, indeed of all basic 
research; for it is not how far we have 
come but in what direction we are 
moving, that is the final, ultimate 
measure of our progress. 


BIBLIOGRAPHY 


. Houssay, B. A., The Discovery of Pancreatic 
Diabetes, Diabetes 1:112-116, 1952 

. Warren, S., and Le Compte, P. M., The 
Pathology of Diabetes Mellitus, Third Edi- 
tion, Lea & Febiger, Philadelphia, 1952. 

. Allen, F. M., Studies Covering Glycosuria 
and Diabetes, Cambridge, 1913. 

. Homans, J., Degeneration of the Islands of 
Langerhans Associated with Experimental 
Diabetes in the Cat, J. Med. Res., 30:49-68, 
1914. 

. A study of Experimental Diabetes in the 
Canine and Its Relation to Human Diabetes, 
J. Med. Res., 33:1-51, 1915. 

. Woerner, C. A., Studies of the Islands of 
Langerhans After Continuous Intravenous 
Injection of Dextrose, Anat. Rec., 71:33-57, 
1938. 

. Gomori, G., Friedman, N. B., and Caldwell, 
P. R., Beta Cell Changes in Guinea Pig 
Pancreas in Relation to Blood Sugar, Proc. 
Soc. Exp. Biol. and Med., 41:567-570, 1939. 

. Dohan, F. C., and Lukens, F. D. W., Lesions 
of the Pancreatic Islets Produced in Cats 
by Administration of Glucose, Science, 105: 
183, 1947. 

. Barron, S. S., and State, D., Effect of Pro- 
longed Intravenous Administration of Dex- 
trose on Beta Cells of Islets of Langerhans, 
Arch. Path., 48:299-304, 1949. 

. Brown, E. M., Dohan, F. C., Freedman, L. B., 
De Moor, F., and Lukens, F. D. W., The 
Effects of Infusion of the Dog’s Pancreas 
with Glucose, Endocrinol., 50:644-656, 1952. 

. Dunn, J. S., Sheehan, H. L., and McLetchie, 
N. G. B., Necrosis of Islets of Langerhans 
Produced Experimentally, Lancet, 1[:484-487, 
1943, 

. Brunschweig, A., Allen, J. G., Goldner, M. 
G., and Gomori, G., Alloxan, JAMA, 122: 
966, 1943. 

. Bailey, C. C., and Bailey, O. T., The Pro- 
duction of Diabetes Mellitus in Rabbits with 
Alloxan, JAMA, 122:1165-1166, 1943. 

. Gomori, G., Production of Diabetes Mellitus 
in Rats with Alloxan, Proc. Soc. Exp. Biol. 
and Med., 54:287-290, 1943. 

5. Goldner, M. G., and Gomori, G., Alloxan 
Diabetes in the Dog, Endocrinol., 33:297- 
308, 1943. 

. Hughes, H., and Ware, L. L., Diabetogenic 
Action of Alloxan, Lancet, /:148-150, 1944. 

’. Kennedy, W. B., and Lukens, F. D. W., Ob- 
servations on Alloxan Diabetes, Proc. Soc. 
Exp. Biol. and Med., 57:143-149, 1944. 


“he Quarterly 


18. Dunn, J. G., Duffy, E., Gilmour, M. K., Kirk- 
patrick, J., and McLetchie, N. G. B., Further 
Observations on the Effects of Alloxan on 
the Pancreatic Islets, J. Physiol., 103:233- 
243, 1944, 


. Hard, W. L., and Carr, C. J., Experimental 
Diabetes Produced by Alloxan, Proc. Soc. 
Exp. Biol. and Med., 56:214-216, 1944. 


Duffy, E., Alloxan Diabetes in the Rabbit, 
J. Path. and Bact., 57:199-212, 1945. 


Dunn, J. S. Kirkpatrick, J., McLetchie, N. G. 
B., and Telfer, S. V., Necrosis of the Islets 
of Langerhans Produced Experimentally, J. 
Path. and Bact., 55:245-257, 1943. 


Duff, G. L., and Starr, H., Experimental 
Alloxan Diabetes in Hooded Rats, Proc. Soc. 
Exp. Biol. and Med., 57:280-282, 1944. 

. Lazarow, A., and Palay, S. L., The Produc- 

tion and Course of Alloxan Diabetes in the 
Rat, J. Lab. ard Clin. Med., 31:1004-1015, 
1946. 
Duff, G. L., McMillan, G. C., and Wilson, 
D. C., Hydropic Changes in Pancreatic Duc- 
tules and Islets in Alloxan Diabetes in the 
Rabbit, Proc. Soc. Exp. Biol. and Med., 
64:251-255, 1947. 

. Haist, R. E., Studies in Experimental Dia- 
betes, Am. J. Med., 7:585-595, 1949. 
Toreson, W. E., Glycogen Infiltration (So- 
Called Hydropic Degeneration) in the Pan- 
creas in Humans and Experimental Diabetes 
Mellitus, Am. J. Path., 27:327-348, 1951. 

. Lazarus, S. S., and Volk, B. W., Glycogen 
Infiltration (Hydropic Degeneration) in the 
Pancreas, Arch. Path., 66:59-71, 1958. 

. Johnson, D. D., Alloxan Administration in 
the Guinea Pig, Endocrinol., 47:393-398, 
1950. 

. Bencosme, S. A., Cytology of Islet Cells in 
Alloxan Diabetic Rabbits, Am. J. Path., 31: 
1149-1163, 1955. 

. ——, and Pease, D. C., Electron Microscopy 
of the Pancreatic Islets, Endocrinol., 63:1-13, 
1958. 

. Johns, W. S., O’Mulvenny, T. O., Potts, E. B., 
and Laughton, N. B., Studies on the Anterior 
Lobe of the Pituitary Body, Am. J. Physiol., 
80:100-106, 1927. 

. Evans, H. M., Meyer, K., Simpson, M. E., 
and Reichert, F. L., Disturbance of Carbo- 
hydrate Metabolism in Normal Dogs Injected 
with Hypophyseal Growth Hormone, Proc. 
Soc. Exp. Biol. and Med., 29:857, 1932. 


Page Ninety-three 


q 
1 
2 
3 19 
21. 
7 23 
g 
25 
27 
1] 
4 
30 
14 
4 
1: 
1f 32 
1 
5 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44, 


45. 


46. 


47. 


Baumann, E. J., and Marine, D., Glycosuria 
in Rabbits Following Injections of Saline 
Extract of Anterior Pituitary, Proc. Soc. Exp. 
Biol. and Med., 29:1220-1223, 1932. 
Houssay, B. A., and Biasotti, A., Hypophy- 
sectomie et Diabete Pancreatique Chez de 
Crapaud, Compt. Rend. Soc. de Biol., 104: 
407-410, 1930. 

Young, F. G., Permanent Experimental Dia- 
betes Produced by Pituitary (Anterior 
Lobe) Injections, Lancet, 11:372-374, 1937. 
Houssay, B. A., Carbohydrate Metabolism, 
New Eng. J. Med., 214:971-983, 1936. 
Bennet, L. L., and Li, C. H., The Effects of 
the Pituitary Growth and Adrenocortico- 
tropic Hormones on the Urinary Glucose and 
Nitrogen of Diabetic Rats, Am. J. Physiol., 
150:400-404, 1947. 

Campbell, J., Davidson, I. W. F., Snair, W. 
B., and Lei, H. P., Diabetogenic Effects of 
Purified Growth Hormone, Endocrinol., 46: 
273-281, 1950. 

Houssay, B. A., and Anderson, E., Diabeto- 
genic Action of Purified Anterior Pituitary 
Hormones, Endocrinol., 45:627, 1949. 
Conn, J. W., Lewis, L. H., and Johnson, 
W. W., Alleviation of Experimental Diabetes 
in Man by Administration of Reduced Gluta- 
thione (GSH): Metabolic Implications, Sci- 
ence, 109:279, 1949. 

Cotes, P. M., Reid, E., and Young, F. G., 
Diabetogenic Action. of Pure Anterior Pitui- 
tary Growth Hormone, Nature, 164:209-211, 
1949. 

Bennet, L. L., and Evans, H. M., The Hy- 
pophysis and Diabetes Mellitus, Chapter 
VII, Vol. II, The Hormones, ed. by G. Pincus, 
and K. V. Thimann, Academic Press, New 
York, 1950. 

Houssay, B. A., Recent Progress in Hormone 
Research, Vol. II, ed. by G. Pincus, Aca- 
demic Press, New York, 1948. 

Long, C. H. N., and Lukens, F. D. W., The 
Effects of Adrenalectomy and Hypophysec- 
tomy upon Experimental Diabetes in the 
Cat, J. Exp. Med., 63:465-490, 1936. 

Ingle, D. J., Diabetogenic Effect of Stilbes- 
terol in Force-Fed Normal and Partially De- 
pancreatized Rats, Endocrinol., 29:838-848, 
1941, 

Long, C. H. N., Katzin, B., and Fry, E. G., 
The Orenal Cortex and Carbohydrate Metab- 
olism, Endocrinol., 26:309-344, 1940. 
Kobernick, S. D., and More, R. H., Diabetic 
State with Lipaemia and Hydropic Changes 
in the Pancreas Produced in Rabbits by 
Cortisone, Proc. Soc. Exp. Biol. and Med., 
74:602-605, 1950. 


Page Ninety-four 


48. 


49. 


50. 


Sl. 


52. 


53. 


54, 


55. 


56. 


57. 


58. 


59. 


60. 


61. 


62. 


63. 


Lazarus, S., and Bencosme, S. A., Alte a- 
tions of Pancreas During Cortisone Diabe =s 
in Rabbits, Proc. Soc. Exp. Biol. and Me i,, 
89:114-118, 1955. 

Hausberger, F. X., and Ramsay, A. J., “- 
fects of Cortisone Administration on Blood 
and Urinary Glucose, Nitrogen Excretion, 
Fat Deposition, and the Islets of Langerhanis, 
Endocrind., 53:422-435, 1953. 

Bencosme, S. A., and Lazarus, S. S., The 
Pancreas in Cortisone-Treated Rabbits, Arch. 
Path., 62:285-295, 1956. 

Kinash, B., and Haist, R. E., Effect of ACTH 
and Cortisone on the Islets of Langerhans 
and the Pancreas in Intact and Hypophysec- 
tomized Rats, Am. J. Physiol., 178:441-444, 
1954. 

Griffiths, M., Uric Acid Diabetes, J. Biol., 
Chem., 172:853, 1948. 

The Mechanism of the Diabetogenic Action 
of Uric Acid, J. Biol. Chem., 184:289-298, 
1950. 

Ingle, D. J., Recent Progress in Hormone 
Research, Vol. II, ed. by G. Pincus, Aca- 
demic Press, New York, 1948. 

Rodriguez, R. R., Alloxan Diabetes in the 
Rat: Recovery Following Estrogen Treat- 
ment, Endocrinol., 55:1-9, 1954. 

Houssay, B. A., Action of Sex Hormones on 
Experimental Diabetes, Brit. Med., J., 2:505- 
510, 1951. 

Kodota, I., Studies on Experimental Diabetes 
Mellitus as Produced by Organic Reagents, 
J. Lab. nad Clin. Med., 35:568-591, 1950. 
Patterson, J. W., The Diabetogenic Effect of 
Dehydroascorbic and Dehydroisoascorbic 
Acids, J. Biol. Chem., 183:81-88, 1950. 
Brunschweig, A., Allen, J. G., Owen, F. M., 
and Thornton, T. F., Alloxan in the Treat- 
men tof Insulin Producing Islet Cell Carci- 
noma of Pancreas, JAMA, 124:212-216, 1944. 
Conn, J. W., Hinerman, D. L., and Buxton, 
R. W., Effects of Alloxan upon the Human 
Pancreas, J. Lab. and Clin. Med., 32:347, 
1947, 

——, Louis, L. H., Johnson, M. W., Studies 
upon Mechanisms Involved in the Induc- 
tion with Adrenocorticotropic Hormone of 
Temporary Diabetes Mellitus in Man, Proc. 
Am. Diab. Assoc., 8:213-239, 1948. 

——, ——, and Wheeler, C. E., Production 
of Temporary Diabetes Mellitus in Man with 
Pituitary Adrenocorticotropic Hormone: Re- 
lation to Uric Acid Metabolism, J. Lab. and 
Clin. Med., 33:651-661, 1948. 

Goldner, M. G., Stress, Corticoids and Dia- 
betes, Diabetes, 7:410-413, 1958. 


The Quarterly 


| 


= 
4 
= = i 
1 
| 


HORMONAL INTERRELATIONS * 
HUGO R. RONY, M.D.** 


Hormones may affect endocrine glands 
and actions of other hormones in various 
ways. There is a well-known pattern of 
interactions, the so-called ‘feedback 
mechanism” through which a hormone 
can inhibit its release from the gland 
that produces it; this appears to serve a 
purpose in that it is the basis of an auto- 
matic regulation of hormone production. 
Other hormonal interactions show no 
easily recognizable patterns or purposes 
and have to be learned one by one. 

A hormone may stimulate or inhibit 
other glands than its own. It may act 
directly on another gland, or indirectly 
by way of a third gland’s hormone. It 
may support or antagonize actions of 
other circulating hormones. Most _ hor- 
mones normally act on more than one 
target organ, and this gives rise to fur- 
ther variations in hormonal relations. 
Thus, the same two hormones may act 
synergistically on certain targets, and 
antagonistically on other targets. An 
interaction between two hormones on 
the same target may be different in dif- 
ferent animal species; and even in the 
same species there may be a difference, 
depending on the concentration of the 
hormone in the blood (e.g., low levels of 
the hormone stimulating another gland, 
high levels of it inhibiting the same 
gland) or on the age of the subject (the 
interaction being different in the young 
from that in the adult). Finally, some 
hormones may be converted in the body 
into other hormones. 

A comprehensive review of such vast 
and complex field cannot be compiled 
within the space available for this paper, 
but an attempt will be made to present 
briefly the most important hormonal in- 
teractions with emphasis on those that 
are significant for the diagnosis and ther- 
apy of endocrine disturbances in man. 

The following system of presentation 
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is adopted: Each hormone 1s dealt with in 
a separate chapter listing all its interac- 
tions with other glands and hormones; if 
the interaction is reciprocal, the reverse 
effect is again listed in the chapter on the 
other hormone. To facilitate convenient 
and quick orientation, a summary of in- 
teractions appears at the end of most 
chapters; however, many interactions are 
conditional and should be qualified or in- 
terpreted by referring to the text of the 
chapter. In terminology, “release” of the 
hormone from the gland, rather than 
“production” of the hormone in the gland, 
will be used throughout the text, since 
direct assays of hormone production are 
rarely available—especially in man— 
and release usually includes, or is pro- 
portional with, production. 


I. THE GROWTH HORMONE (GH) 


Relatively little is Known about the 
interactions of GH with other glands and 
hormones for the following reasons: 
Purified preparations of this hormone 
have only recently become available; 
quantitative assays in the blood and urine 
have not been developed and as a result 
such basic questions as to whether the 
hormone is secreted intermittently or 
continuously and whether it is essential 
to all phases of growth or only to some, 
remain unanswered; there is a consider- 
able degree of specificity among GH pre- 
parations made from pituitaries of dif- 
ferent species. 

Recently, GH was prepared from hu- 
man pituitary glands and it was found 
that when administered to human pa 
tients the effects were not identical with 
those produced by beef or sheep GH 
(which were used in all earlier work); 
even human and monkey GH acted some- 
what differently!. 

There is no evidence that GH has any 
effect on the production of action of an- 
terior or posterior pituitary hormones. 


1. GH and Thyroxine 


GH is not known to influence the pro- 
duction of thryroxine but the two hor- 
mones may act synergistically on grow- 
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ing tissues; GH is more important for 
general growth, and thyroxine is more 
important for maturation. Growth occurs 
in the absence of the thyroid gland, but 
optimal growth requires presence of 
thyroxine as shown by the accelerated 
growth of the athyrotic or cretin child 
when treated with thyroxine; and the hy- 
perthyroid child often shows excessive 
growth. When growth is orderly, thy- 
roxine and GH produce orderly prolifer- 
ation of cells as a result of stimulation 
of protein anabolism; in the adult when 
orderly growth is not possible, excess 
secretion of either or both hormones pro- 
duces protein catabolic effects. 

In acromegaly there is a relatively 
high incidence of goiter with or without 
hyperthyroidism. This may be due to 
associated involvement of the thyrotro- 
phin producing elements of the anterior 
pituitary as indicated by increased TSH 
levels in the blood found in these pa- 
tients?. 


2. GH and Insulin 
GH is generally recognized as an in- 
sulin antagonist. It has long been known 


that injections of anterior pituitary ex- 
tracts can produce diabetes in certain 
animal species, and all available evidence 
suggests that this effect is a property of 
GH. However, the diabetogenic effect 
is not observed in young growing animals 
in which GH produces only growth, not 
diabetes. What the relationship is be- 
tween stimulation of the growth of tis- 
sues on one hand, and production of hy- 
perglycemia on the other hand, is not 
clear. 

Other evidences of existence of a pitu- 
itary diabetogenic hormone are: hypo- 
physectomy ameliorates diabetes of the 
pancreatectomized dog, and injections of 
pituitary extracts cause the diabetes to 
revert to its previous severity (the Hous- 
say phenomenon); numerous cases of hu- 
man diabetes have been reported show- 
ing improvement with the onset of hypo- 
pituitarism due to tumor or atrophy of 
the pituitary; insulin sensitiveness is 
markedly increased in hypopituitarism. 

The main mechanism of the diabeto- 
genic effect of GH is believed to consist 
in the following sequence of events: the 
anti-insulin action of GH leads to hyper- 
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glycemia which constitutes an overl ad 
for the beta cells of the Langerh: ns 
islets; such overload, if long maintain-d, 
results in exhaustion atrophy of ‘he 
islets and permanent diabetes. The aitti- 
insulin effect may be due to an inhibi or 
of insulin which moves electrophoretic- 
ally with the beta globulin in the plasina 
and may be responsible for the insulin 
resistance frequently present in patients 
with acromegalic diabetes3. In addition, 
it has been found that GH can probably 
stimulate secretion of glucagon, the hy- 
perglycemia producing hormone of the 
alpha cells of the Langerhans islets‘. 

The enzymatic locus of the anti-insulin 
effect of GH remains unknown. When it 
was found by Cori that anterior pituitary 
extracts inhibit the activity of hexokin- 
ase — the enzyme that catalyzes the first 
step of the metabolism of glucose, forma- 
tion of glucose-6-phosphate —and_ that 
this inihibition is abolished by insulin, 
this was thought to be the main locus of 
the antagonism of the two hormones. It 
was soon discovered, however, that ex- 
tracts of other organs (for instance, the 
spleen) can inhibit the hexokinase re- 
action, and the best purified GH prepara- 
tions do not inhibit it. 

Administration of GH to young ani- 
mals on unrestricted food intake can lead 
to obesity rather than gigantism. GH is 
able to produce the obesity found in 
infants of prediabetic and diabetic moth- 
erss, 


3. GH and the Gonads 


GH is not known to have any effect on 
the production of sex hormones in the 
gonads but there are interactions be- 
tween circulating GH and sex hormones. 
(See Chapters XII, XIV.) 


4. GH and the Adrenals 

GH preparations administered to hu- 
man subjects have no consistent effects 
on the urinary excretion of 17-ketoster- 
oids and 17-hydroxysteroids but GH pre- 
pared from human pituitaries injected 
into a normal subject, several hypophy- 
sectomized patients and a pituitary dwarf 
produced significant increase in urinary 
aldosterone excretion®. Concerning inter- 
actions between circulating GH and cor- 
tisone, see Chapter XI. 
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may be synergistic with Thyroxine in the 
growing child. 

antagonist of Insulin. 

antagonist, in some actions, of Cortisone. 

synergistic, in the pubertal growth spurt with 
Estrogen and Androgen. 


I. THE THYROTROPIC HORMONE 
(TSH) 

TSH of the anterior pituitary normally 
maintains the anatomical integrity and 
functional capacity of the thyroid gland. 
When released or administered in excess 
TSH can cause hypertrophy and hyper- 
plasia of the thyroid acinar cells and an 
increase in the rate of thyroxine synthe- 
sis and release. The latter processes in- 
clude increased iodide uptake, increased 
formation of thyroglobulin, decreased 
storage of thyroglobulin in the acini, in- 
creased rate of proteolysis of thyroglobu- 
lin and increased rate of transference of 
thyroxine into the circulation. The 
chemical mechanisms through which 
TSH performs these functions have not 
been elucidated beyond the general as- 
sumption that TSH contributes to the 
metabolism of the thyroid gland through 
some oxidative or dehydrogenating en- 
zyme system and is in the process in- 
activated. 

There is a balanced relationship be- 
tween secretion of TSH in the anterior 
lobe and circulating levels of thyroxine, 
expressed in the concept “pituitary — 
thyroid axis.” This interaction and its 
significance in thyroid and pituitary di- 
seases will be dealt with in some detail 
in Chapter VII. 


TSH has no interactions with other 
hormones and endocrine glands except 
via its effect on thyroid function. How- 
ever, it can cause hypertrophy and hy- 
perplasia of the thymus gland and lymph 
glands, apparently by direct action on 
these structures. This effect is believed 
to be responsible for the enlargement of 
the thymus and lymph glands and the 
lymphocytosis frequently observed in 
thyrotoxicosis. By promoting water re- 
tention and fat accumulation in the 
orbital cavity, TSH can produce exoph- 
thalmos in experimental animals, and 
some observers believe that the so-called 
nalignant exophthalmos in Graves’ di- 
sease may be of TSH origin. 
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TSH 
stimulates structures of. the Thyroid gland. 
stimulates synthesis and release of Tyroxine. 
may stimulate the Thymus and Lymph glands. 
may cause exophthalmos by direct action on 
intra-orbital structures. 
Ii. THE ADRENOCORTICOTROPHIC 
HORMONE (ACTH) 

Interactions with ACTH with other 
glands and hormones are mediated 
through the adrenal cortex which ACTH 
stimulates to produce corticosteroids and 
are, therefore, similar to the interactions 
these corticosteroids have with other 
hormones. (See Chapter XI.) However, 
some biological effects of ACTH—includ- 
ing hormonal interactions —may differ 
from those of cortisone and cortisone 
analogues due to the fact that ACTH can 
stimulate the secretion of other steroids, 
especially sex steroids, as well as gluco- 
corticoids. As a result, ACTH and corti- 
sone may show different therapeutic re- 
sults and side effects in certain diseases, 
and even in the same disease in different 
patients. 

In this chapter the action of ACTH on 
the adrenal cortex will be reviewed along 
with the effect of exogenous (adminis- 
tered) ACTH on the pituitary and with 
the interrelationship between ACTH and 
MSH. 


1. ACTH and the Adrenals 

ACTH is the principal trophic hormone 
for the adrenal cortex; it is needed to 
maintain the anatomical integrity and 
functional capacity of the cortex. Each 
zone of the cortex responds to ACTH 
stimulation, but not equally; the zona 
fasciculata most, the glomerulosa least. 
Absence of circulating ACTH is followed 
by atrophy of the cortex, excess produc- 
tion or prolonged administration is fol- 
lowed by hyp2rtrophy, occasionally by 
ademnoma. principal response in steroid 
production occurs in hydrocortisone and 
corticosterone, but there is strong evi- 
dence that androgen, estrogen, and pro- 
gesterone of their precursors, too, par- 
ticipate in the response’, 

Thus, concerning androgen production, 
ACTH administration is followed by a 
prompt rise of urinary 17-ketosteroids; as 
this does not occur in Addison’s disease, 
and since it is known that ACTH does 
not stimulate the production of gonado- 
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trophin in the pituitary and has no 
direct effect on gonadal androgen produc- 
tion, it was concluded that androgenic 
substances or their precursors can be 
produced in response to ACTH. This is 
also suggested by the high incidence of 
acne and of excess growth of body hair 
in patients on prolonged ACTH therapy. 


(On the other hand, careful studies by 
Moore? found no convincing evidence 
that ACTH stimulates androgen secre- 
tion by the adrenals or that the adrenals 
under normal conditions secrete andro- 
gen, and raised the question whether 
the pathological physiology of virilising 
adrenal tumors may involve atypical 
synthesis of steroids that account for the 
clinical symptoms. Also, it was found 
that ACTH does not produce androgenic 
effects in castrated rats; and cortisone 
administration, too, can be followed by 
acne and hypertrichosis!.) 

Concerning the secretion of estrogen 
by the adrenal cortex in response to 
ACTH it has been shown that ovariec- 
tomized but otherwise normal women 
receiving large doses of ACTH excrete 
increased amounts of estrogen in the 
urine; as there is no increase in estrogen 
excretion when they receive large doses 
of hydrocortisone, it was concluded that 
ACTH can stimulate adrenocortical estro- 
gen production!!. 


There s evidence that ACTH adminis- 
tration is capable of affecting aldosterone 
excretion, but ACTH is not the primary 
or main regulatory factor in aldosterone 
production. The aldosterone response to 
ACTH may be masked by a homeostatic 
regulatory mechanism that responds to 
increased extracellular fluid volume and 
is independent of ACTH. 


Concerning the chemical mechanism 
of the ACTH effect on the synthesis of 
hydrocortisone and corticosterone, there 
is evidence that the main effect occurs at 
some stage of the conversion of choles- 
terol to a C-21 precursor such as proges- 
terone, promoting the degradation of the 
cholesterol side chain by an adrenocorti- 
cal enzyme system. This, however, may 
not be the only locus, in that ACTH can 
enhance subsequent transformations}. 
The intimate details of the mode of ac- 
tion of ACTH are yet to be learned. 
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ACTH given during prolonged co: ti- 
sone therapy, or during the first few dé ys 
after cortisone had been discontinued, is 
evidently ineffectual because the adrenal 
cortex had undergone atrophy and is in- 
capable of adequately responding to 
ACTH. (See Point 1, Chapter XI.) On the 
other hand, repeated trauma, surgical 
stress, chronic illness instead of exhaust- 
ing the cortex, produce hypertrophy with 
exaggerated response to ACTH as shown 
by greater than normal increase of 17- 
hydroxysteroids in the plasma and urine 
during and after standard ACTH infu- 
sion; the more severe the trauma the 
more marked and prolonged is this re- 
sponse. In chronically ill patients the 
response to ACTH is 1.5 to 2 times great- 
er than in normal persons. The post- 
operative elevation of the plasma corti- 
coids starts within an hour and lasts 1 to 
3 days; with complications such as infec- 
tion, it lasts longer; in severe burns it 
lasts more than a week. When the plas- 
ma steroids return to normal, the re- 
sponse to infused ACTH, too, returns to 
normal}, 

Intramuscular injection or intravenous 
infusion of ACTH followed by eosinophil 
counts and/or assays of plasma or urin- 
ary corticosteroids serve as important 
tests in the diagnosis of adrenocortical 
insufficiency and hyperactivity. In p77 
mary Addison’s disease the patient shows 
poor response or no response to admin- 
istered ACTH, while in secondary adre- 
nocortical insufficiency—due to pituitary 
failure—the response to ACTH, after re- 
peated injections, is normal. Cases of 
“partial” Addison’s disease have been 
described where the serum electrolytes 
and corticoids are within normal range 
but there is poor response to ACTH, in- 
dicating that the adrenal cortex is func- 
tioning at maximum capacity having no 
reserve that would be needed in stress 
situations. 

In Cushing’s syndrome due to adreno- 
cortical hyperplasia the response to 
intravenously administered ACTH is 
usually excessive with marked elevation 
of the plasma 17-hydroxysteroid level 
and increased urinary excretion of these 
steroids; the urinary 17-ketosteroids re- 
main within normal rangel6, In Cush- 
ing’s syndrome due to adrenocortical car- 
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cinoma the response to ACTH is less 
than normal; with benign tumors of the 
cortex the response may be either nor- 
mal or increased. Accordingly, in some 
cases, this test can furnish valuable aid 
in differential diagnosis. In adrenocorti- 
cal hyperplasia due to prolonged ACTH 
administration the adrenocortical re- 
sponse to ACTH is usually normal!’. 

In hyperaldosteronism due to adreno- 
cortical hyperplasia intravenous ACTH 
administration is reported to be followed 
by excessive elevation of plasma and 
urinary 17-hydroxy corticosteroids, and 
it has been suggested that this test might 
be utilized to distinguish between that 
disease and hyperaldosteronism due to 
adrenocortical tumor. 


2. ACTH (Exogenous, administered) 
and Release of Endogenous ACTH 


Prolonged administration of ACTH is 
believed to inhibit release of ACTH from 
the anterior pituitary. This is indicated 
by a) the degranulation of basophilic 
cells in the anterior loge with develop- 
ment of Crook’s hyalin cytoplasmic 
changes in experimental animals after 
prolonged administration of ACTH, and 
b) the development, in experimental ani- 
mals as well as in man, of signs of adre- 
nal insufficiency with low urinary 17- 
ketosteroids and 17-hydroxysteroids after 
withdrawal of prolonged ACTH adminis- 
tration. Recovery of normal ACTH pro- 
duction is slow, and therefore withdraw- 
al of ACTH therapy must be very grad- 
ual over a period of several weeks to 
avoid development of potentially danger- 
ous adrenal insufficiency during that 
period. 

The mechanism of the inhibition of 
pituitary ACTH production by exogenous 
(administered) ACTH is believed to be as 
follows: the administered excess ACTH 
provokes excess release of corticoster- 
oids from the adrenal cortex and these 
in turn inhibit endogenous ACTH pro- 
duction in the pituitary. 


3. ACTH and the Melanocyte Stimu- 

lating Hormone (MSH) 

Soon after ACTH became available for 
Clinical use, numerous cases of Addison- 
like hyperpigmentation were reported in 
patients on prolonged ACTH therapy; in 
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some patients new pigmented nevi ap- 
peared or nevi already present became 
darker. It was found that small quanti- 
ties of added ACTH could darken frog 
skin in vitro. Much debate developed 
about the question whether ACTH and 
MSH are identical, and the hyperpigmen- 
tation in primary Addison’s disease is 
due to ACTH (which is known to be re- 
leased in excessive amounts in that di- 
sease). It is believed at present that 
ACTH and MSH are chemically closely 
related but not identical (as are oxytocin 
and pitressin); that the hyperpigmenta- 
tion of Addison’s disease is due to in- 
creased amounts of MSH in that disease, 
and the hyperpigmentation seen in 
ACTH-treated patients is due to MSH 
present as a contaminant in the ACTH 
preparations. (See also Chapter V.) 


ACTH 
stimulates the Adrenal Cortex. 
stimulates in the adrenal cortex synthesis and 
release cf 
Glucocorticoids 
Androgens 
Estrogens 
(Aldersterone) 
inhibits release of ACTH from Anterior Pituitary 
has interactions with other glands and _hor- 
mones similar to the interactions of Cortisone. 


IV. THE GONADOTROPHINS 


The anterior pituitary produces three 
different gonadotrophic hormones: the 
follicle stimulating hormone (FSH), the 
luteinizing hormone (LH) and the luteo- 
trophic hormone (LTH). LH is identical 
with the interstitial cell stimulating hor- 
mone (ICSH) in the male; the role of 
LTH in the male has not been definitely 
established. 


1. Gonadotrophins (administered, exo- 
genous) and Release of Endogenous 
Gonadotrophins 

Parenteral administration of gonoad- 


otrophin causes suppression of endo- 
genous gonadotrophin formation or re- 
lease from the pituitary in animals with 
intact glands but not in castrated ani- 
mals. This indicates that the gonads 
stimulated by the administered gonad- 
otrophin produce excess amounts of 
gonadal hormones which, in turn, inhibit 
endogenous gonadotrophin release!s, 


2. Gonadotrophins and the Ovary 
FSH has mostly morphologic effects 
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on the ovary, stimulating the growth of 
the Graafian follicle, but does not signifi- 
cantly stimulate production of the ovar- 
ian hormones. LH induces the consecu- 
tive phases of follicular development, 
ovulation, formation of luteal tissue, and 
promotes secretion of estrogen in the 
theca cells of the follicle as well as secre- 
tion of progesterone in the corpus lute- 
um. FSH and LH augment each other’s 
effects on the ovary. LTH helps to main- 
tain the functional capacity of the corpus 
luteum after FSH and LH had acted 
on it; it is believed to be identical with 
Prolactin which stimulates secretion of 
milk in the mammary glands after they 
had been conditioned by the ovarian 
hormones. 

Observations on the hypophysectom- 
ized female rat indicate that the early 
phases of oogenesis and follicle develop- 
ment proceed without need of gonad- 
otrophic stimulation; however, none of 
the follicles mature or luteinize. In the 
adult female, hypophysectomy is follow- 
ed by atrophy of all ovarian structures 
which can be prevented by administra- 
tion of purified gonadotrophic prepara- 
tions. 

The production of these trophic hor- 
mones in the anterior pituitary is sub- 
ject to regulation by various factors, 
predominantly the plasma levels of cir- 
culating ovarian hormones, and possibly 
also the rate of utilization of the gonad- 
otrophins by the ovaries. This regula- 
tion is expressed in the term “pituitary- 
ovarian axis” and will be further dis- 
cussed in the chapters on gonadal hor- 
mones. Here only a specific regulation 
involved in the menstrual cycle will be 
described. This is usually summarized 
as follows: 

Release of FSH, acting synergistically 
with a small amount of LH, stimulates 
follicle development in the ovary. Activ- 
ity of the cells of the theca interna re- 
sults in secretion of estrogens which in 
turn induce secretion of follicular fluid 
by the granulosa cells and sensitize the 
follicle to FSH. The estrogens that were 
produced enter the blood stream and 
act on the anterior lobe of the pituitary, 
inhibiting further FSH production, while 
secretion of LH and LTH is increased. 
LH acts on the sensitized follicle causing 
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its rupture (with the release of the oy. 
um), stimulates development of the °or. 
pus luteum in the ruptured follicle, ind 
LTH stimulates secretion of prog: ste- 
rone by the corpus luteum. The pro. 
gesterone thus produced soon inh) dits 
further secretion of LH in the antevior 
lobe, resulting in rapid decline of »ro-. 
gesterone and estrogen secretion by the 
corpus luteum; the uterine mucosa is 
thus deprived of hormonal support, the 
mucosal circulation breaks down ending 
in menstrual bleeding. The low levei of 
estrogen and progesterone circulating 
in the blood at this time allows renewed 
secretion of FSH and LH in the anterior 
lobe, and a new cycle begins. 

One must realize though that the de. 
tails of such precisely timed and quanti- 
tative interplay between the _ pituitary 
gonadotrophins and the ovarian _hor- 
mones are somewhat speculative. Actual 
gonadotrophin assays (FSH plus LH) in 
the urine during the menstrual cycle in 
normal woman showed that no pattern 
could be reproduced from cycle to cycle 
or from subject to subject; minimal 
amounts of gonadotrophins were found 
less frequently at midceycle but with 
equal frequency during either the fol- 
licular or the luteal phase. Better repro- 
ducibility of the pattern of excretion 
and a sharper peak at midcycle resulted 
when a method was used that presum- 
ably measures only 

The composition of gonadotrophins in 
pituitary extracts is inconsistemt, the 
ratio FSH/LH varying in extracts made 
from different species of animals and 
with different methods of purification. In 
man all assays of gonadotrophins are 
based on urinary gonadotrophins, usually 
designated as FSH, but there is evidence 
that the urinary residues usually pre- 
pared in the assays contain also the bio- 
logical activities of LH; it has not been 
proved that these hormones can be sepa- 
rated from the urine!’. In two other types 
of gonadotrophic preparations, chorionic 
gonadotrophin (CG) and pregnant mare 
serum (PMSG), the ratio of FSH/LH is 
more constant, CG containing much more 
LH than FSH, and PMSG containing 
more FSH than LH. The large amounts 
of gonadotrophins excreted in pregnancy 
are of chorio-placental, not pituitary, ori- 
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gin; their urinary excretion provides the 
pasis for several “pregnancy tests.” Their 
principal function is to stimulate the 
corpus luteum of pregnancy and thereby 
provide for continued secretion of estro- 
gen and progestrone by that organ. Cer- 
tain tumors derived from chorionic tis- 
sue, i.e, chorionepithelioma in women 
or in men and hydatidiform mole in 
women may produce very large amounts 
of CG, and their diagnosis may be facili- 
tated by assays of gonadotrophin in the 
urine. 

Excess production of gonadotrophins 
in the anterior pituitary (primary hyper- 
gonadotrophism) manifested by precoci- 
ous isosexual puberty or, in acromegaly 
by hypertrophy of the genital tract, is 
rare. Most acromegalic women show 
amenorrhea and sclerotic ovaries indicat- 
ing primary hypogonadotrophism as a 
result of atrophy of the gonadotrophin- 
producing (basophilic) cells in the anter- 
ior lobe from the pressure of the eosi- 
nophilic tumor. 


Primary hypogonadotrophism is com- 
mon in all forms of primary hypopitui- 
tarism in women. About secondary 
hyper- and hypogonadotrophism result- 
ing from hypo- and hyperestrinism, see 
Chapter XII. 


3. Gonadotrophins and the Testis 


In the male, FSH stimulates the se- 
miniferous tubules and promotes sperm- 
atogenesis, while LH (ICSH) stimulates 
the Leydig cells and promotes secretion 
of androgen (and estrogen) by the testi- 
cles. Primary excessive production of 
gonadotrophins is rare as a cause of pre- 
cocious puberty in the male, but occurs 
not infrequently in acromegalics who may 
show, especially early in the course of 
the disease, increased libido and potency, 
hypertrophy of the genitals and exces- 
sive hirsutes. Failure of gonadotrophin 
production is a common and early feature 
of primary hypopituitarism. For the sec- 
ondary forms of hyper- and hypogonad- 
otrophism, due to absence or excess of 
circulating androgen, see Chapter XIV. 


4. Gonadotrophins and the Adrenals 


In view of the fact that the adrenal 
collex can secrete androgen and estro- 
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gen the question arose whether these 
secretions — presumed to be under the 
control of ACTH —are controlled also by 
gonadotrophins, especially LH. There is 
considerable evidence both for and 
against a stimulating effect of chorionic 
gonadotrophin on adrenocortical activ- 
ity; however, much of the evidence sup- 
porting existence of such trophic effect 
is indirect and inconclusive. Recently, 
Hibbitt and his associates29 found that 
human chorionic gonadotrophin adminis- 
tered to men intravenously in large 
doses does not lead to increased urinary 
excretion of total 17-hydroxysteroids; 
furthermore, there is obvious difference 
between the pattern of increased 17-ke- 
tosteroid excretion following these injec- 
tions and the pattern following ACTH 
administration. They concluded from 
these data that human chorionic gonad- 
otrophin stimulates only the gonadal, 
not the adrenocortical, tissue. Another 
point that supports this view refers to 
the experience that the adrenocortical 
androgenic tissue and the pituitary gon- 
adotrophins do not have the typical re- 
ciprocal relationship that exists between 
testicular tissue and pituitary gonadotro- 
phins. To illustrate this Hibbitt quotes 
studies on a case of adrenogenital syn- 
drome in a 75 year- old woman who 
had high levels of both urinary 17-keto- 
steroids and urinary gonadotrophins. 
If the reciprocal relationship between 
adrenal androgens and the _ pituitary 
were similar to that between gonadal 
androgens and the pituitary, one would 
expect in this patient inhibition of the 
release of pituitary gonadotrophins (in 
spite of the usual post-menopausal in- 
crease) by the elevated adrenal andro- 
gens. Even more impressive is the ex- 
perience that chorionic gonadotrophin 
does not produce increased urinary 17- 
keosteroids in gonadectomized patients. 


No data are available indicating direct 
effects of gonadotrophins on other glands. 


FSH 
stimulates follicle development in Ovary 
synergistic with LH in stimulating secretion of 
Estrogen and Progesterone in Ovary 
stimulates seminiferous tubules and spermato- 
genesis in Testis 
inhibits release of endogenous FSH 
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LH (ICSH) 
stimulates luteinization of Corpus Luteum and 
secretion of Estrogen and Progesterone 
synergestic with PSH in actions on Ovary 
stimulates Leydig cells and secretion of Andro- 
gen in Testis 
inhibits release of endogenous LH 


LTH (Prolactin) 
maintains function of Corpus Luteum 
synergistic with LH in secretion of Progesterone 
stimulates milk secretion (after mammary 
glands had been conditioned by Estrogen 
and Progesterone) 


THE MELANOCYTE STIMULAT- 
ING HORMONE (MSH) 

MSH is a relatively small polypeptide 
produced in the intermediate lobe of the 
pituitary. It is chemically closely re- 
lated to ACTH, having a very similar 
composition. In coldblooded vertebrates 
MSH acts on the chromatophores of the 
skin causing dispersion of their pigment 
granules. The mechanism of action of 
MSH in mammals is more complex, and 
is the subject of various theories?!. The 
visible effect is increased melanin pig- 
mentation. 

MSH is not known to have any effect 
on the production or release of other 
hormones, but the release and effect of 
MSH is subject to control by other hor- 
mones, especially cortisone and epineph- 
rine. (See Chapters IX and X.) The 
thyroid and gonadal hormones, too, have 
been shown to influence melanin pig- 
mentation in animals and man, but it is 
believed that this occurs by independent 
peripheral action on the melanocytes 
with only permissive action, or without 
any involvement, of MSH. 

In the rabbit intradermal injection of 
thyroxine causes increased pigmentation 
in the injected area. In man, hyperthy- 
roidism is frequently associated by in- 
creased general pigmentation, while 
myxedematous patients are usually pale. 
Local administrations of estrogen to the 
nipples produce increased pigmentation 
in the area; and the deep pigmentations 
around the genitalia and linea alba in 
pregnancy are believed to be estrogenic 
effects due to stimulation of the melano- 
cytes in those areas by the greatly in- 
creased amounts of circulating estro- 
gens. However, in the hyperpigmenta- 
tions of pregnancy MSH may also be 
actively involved since it has been dem- 
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onstrated that MSH levels in the bi od 
and urine are elevated during an. 
cy; they rapidly decline to normal le: els 
within a few days after delivery22.  \n-. 
drogen and progesterone, too, have sh zht 
pigmentogenic effects by direct sti-nu- 
lation of the melanocytes. The hyper pig- 
mentation frequently accompanying 
longed ACTH therapy is probably due 
to the presence of MSH in the ACTH 
preparations as a contaminant. 


MSH 
release inhibited by Cortisone (see Chapter XI) 
release stimulated by Epinephrine (see Chapter 
X) 
effect antagonized by Epinephrine (see Chap- 
ter X) 
VI. THE HORMONES OF THE 
POSTERIOR PITUITARY 
Normally, the posterior pituitary hor- 
mones—pitressin (believed to be identi- 
cal with the antidiuretic hormone, ADH) 
and oxytocin—do not directly influence 
hormone production in other glands?3 ex- 
cept, possibly, aldosterone secretion in 
the adrenal cortex24. But actions of the 
posterior pituitary hormones may be in- 
timately involved, synergistically or an- 
tagonistically, with actions of certain 
other hormones?5, 
1. Oxytocin, Estrogen and Progeste- 
rone, see Chapter XIII, Point 2. 
2. ADH and Anterior Pituitary hor- 
mones 
Certain anterior pituitary hormones 
are antagonistic to ADH as suggested by 
the fact that permanent diabetes insipid- 
us—which follows destruction of any of 
the tissues that secrete, transport or store 
ADH, i.e., hypothalamic nuclei, stalk and 
posterior pituitary—rarely develops after 
total hypophysectomy. This is explained 
by pointing out that with total hypophy- 
sectomy the antidiuretic hormone as well 
as the “diuretic” hormones of the anter- 
ior lobe are removed. At least two an- 
terior lobe hormones, TSH and ACTH 
via trophic effects on their target glands 
participate in this activity and may be 
regarded as diuretic antagonists of ADH. 
Recent experience with patients who had 
been hypophysectomized for metastatic 
breast cancer have shown that severe 
diabetes insipidus frequently develops if 
the infundibular stalk had been divided 
“high,” i.e., near to its hypothalamic end; 
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this results in traumatization of the base 
of the hypothalamus and is followed by 
complete deficiency of ADH. Further- 
more, in these patients who are main- 
tained on cortisone temporary withdraw- 
al of cortisone does not ameliorate the 
polyuria. Accordingly, in complete ab- 
scence of ADH, diabetes insipidus can 
develop regardless of the abscence or 
presence of anterior pituitary activity. 
Apparently, then, in the regulation of 
water diuresis the capacity of anterior 
pituitary hormones to antagonize ADH 
is limited and plays but a minor role%. 


. ADH and Thyroxine 

As mentioned in the previous para- 
graph, thyrotrophin exerts antagonistic 
action to ADH by stimulating thyroxine 
production in the thyroid gland. Thyroid 
feeding produces polyuria after total hy- 
pophysectomy, but thyrotropin has no 
diuretic effect after thyroidectomy. Hy- 
perthyroid patients fail to show decrease 
of diuresis after administration of large 
amounts of ADH (pitressin); and the 
polyuria in diabetes insipidus is fre- 
quently ameliorated by thyroidectomy, 
returning to its previous severity when 
thyroid is administered. All this clearly 
demonstrates antagonism between ADH 
and thyroxine. 


4. ADH and Adrenocortical Hormones 


zenerally speaking, the actions of 
ADH are antagonistic to those actions 
of adrenocortical steroids which are con- 
cerned in the control of the renal excre- 
tion of water and electrolytes. These in- 
teractions are parts of a rather compli- 
cated mechanism in which ADH inhibits 
renal reabsorption of sodium chloride 
and stimulates reabsorption of water, 
while the steroids stimulate reabsorp- 
tion of sodium and inhibit reabsorption 
of water. Glucocorticoids having oxy- 
gen atoms at carbons 3, 11, 17, 20 and 21 
such as cortisone and hydrocortisone 
are more capable of inhibiting water re- 
absorption than stimulating sodium re- 
absorption, and are therefore antagon- 
ists of ADH. By virtue of this antagon- 
ism, administration of these corticoster- 
oids can produce polyuria after total 
hypophysectomy; and lack of these ster- 
oils may be responsible for the failure 
of water diuresis, after water leading, in 
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Addison’s disease as shown by the Kep- 
ler-Robinson test. Desoxycorticosterone, 
aldosterone and the adrenal sex hor- 
mones are more effective in causing salt 
retention (than causing water diuresis) 
and therefore may produce considerable 
water retention. Whether water reten- 
tion follows the salt retention (as the 
body tends to retain water while con- 
serving salt) or salt retention causes in- 
creased ADH release from the posterior 
pituitary which in turn would cause 
water retention is not known. In any 
case, these corticosteroids may be regard- 
ed as more or less synergistic with ADH. 


5. ADH and Gonadal Hormones 


Androgens and estrogens may be re- 
garded as synergistic with ADH in the 
sense stated above whether they are of 
gonadal or adrenocortical origin. It may 
be added that the ADH level in the blood 
is higher than normal in pregnancy, but 
the mechanisms through which this in- 
crease is brought about is not known, 


OXYTOCIN 
effect on uterus may be potentiated by Estro- 
gen (see Chapter XIII) 
effect on uterus may be antagonized by Pro- 
gesterone (see Chapter XIII) 


ADH (PITRESSIN) 
antidiuretic effect antagonized by ACTH, TSH, 
Thyroxine, Cortisone 
synergistic with antidiueretic effects of Aldo- 
sterone, Androgens, Estrogens 


VII. THYROXINE 
1. Thyroxine and the Thyrotrophic 

Hormone (TSH) 

It is well established that circulating 
thyroxine (and triiodothyronin) inhibits 
the release of TSH from the pituitary. 
Circulating thyroxine is mostly bound 
to alpha globulin in the serum but some 
of it is present in free form, and it ap- 
pears likely that its actions, including 
action on the pituitary, are a function 
of the free fraction.27 It is believed that 
the inhibitory effect on TSH release is 
mediated via thyroxin-receptor cells in 
the hypothalamus through the portal 
circulation in the hypophyseal stalk. It 
is possible, though, that one or more of 
the metabolic products of the peripheral 
thyroxine action rather than the circu- 
lating thyroxine level itself is the real 
regulatory factor for the release of TSH. 
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This is suggested by the fact that ad- 
ministration of 2, 4-dinitrophenol — a 
powerful stimulant of tissue oxidation 
— depresses TSH output in the rat, rab- 
bit,22 and man2? as effectively as does 
thyroxine. Whatever the mechanism is, 
the result is an automatic feed-back 
regulation in the ‘pituitary-thyroid axis’ 
in which high levels of circulating thy- 
roxine and/or its metabolites lead to in- 
hibition of TSH release resulting in low- 
ered levels of thyroxine release. 

In primary myxedema TSH activity 
of the blood and urine is much higher 
than normal indicating increased re- 
lease of TSH from the pituitary as a 
result of the low level of circulating 
thyroxine. Assays of TSH can be used 
to differentiate primary myxedema from 
secondary (pituitarigenic) myxedema in 
which the blood and urinary levels of 
TSH are low or zero. 


In thyrotoxicosis TSH activity of the 
blood and urine is low or absent. This 
has been interpreted by some as evi- 
dence against a pituitary pathogenesis 
of thyrotoxicosis. However, advocates of 
such pathogenesis — claiming that the 
primary disturbance in thyrotoxicosis 
consists in increased production of TSH 
— point out that tissue slices of toxic 
goiter show greatly increased capacity 
to inactivate TSH in vitro, which would 
explain the low levels of TSH in the 
blood in Graves’ disease even if large 
amounts of TSH were released from the 
pituitary. Observations concerning the 
effect of administered thyroid hormone 
upon the thyroidal radioiodide uptake 
were brought into this controversy: the 
effect is more or less complete suppres- 
sion of uptake in normal persons but no 
effect in hyperthyroidism. More recent- 
ly, the effect of administered thyroxine 
upon the thyroidal secretion rate (re- 
lease rate) was studied with the result 
that normal subjects showed prompt and 
nearly complete inhibition of release, 
whereas in all hyperthyroid patients 
only a slight alteration in hormonal se- 
cretion rate occurred in spite of massive 
doses of thyroxine30, While these find- 
ings appear to be strongly in favor of 
primary pituitary disturbance as a com- 
mon cause of thyrotoxicosis, the devel- 
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opment of toxic goiter in patients yea’s 
after hypophysectomy, (showing tot il 
pituitary insufficiency) indicates thit 
thyrotoxicosis can develop without pitui- 
tary thyrotropic hyperactivity”. 


2. Thyroxine and GH 

It is not known whether thyroxine 
can influence production or release of 
GH. There is a certain synergism in the 
promotion of growth between the two 
circulating hormones as mentioned in 
chapter I. 


3. Thyroxine and ACTH 

Pituitaries of experimental animals 
with altered states of thyroid function 
have been found to contain normal 
amounts of ACTH.3! In human thyroid 
diseases adrenocortical functions may be 
abnormal — as will be pointed out below 
—but these appear to be due to action 
of thyroxine on the adrenals rather than 
to effects on ACTH release. 


4. Thyroxine and Gonadotrophins 


There is much evidence, experimental 
as well as clinical, that the thyroid 
gland may influence gonadal function 
but it is not known whether this occurs 
via gonadotrophins of the pituitary or 
by direct effect on the gonads (see point 
8). Controlled assays of gonadotrophins 
in the blood and urine in thyroid dis- 
orders are not available. Desiccated 
thyroid added to the food of cows and 
hens is widely used by farmers to in- 
crease milk and egg production; this is 
probably effected by stimulating pitui- 
tary gonadotrophin activity. 


5. Thyroxine and the Thyroid Gland 


There is evidence of direct inhibitory 
action of thyroxine on the thyroid gland 
as shown in hypophysectomized animals 
and patients32, aside of the indirect in- 
hibitory effect via TSH production out- 
lined in point 1 in this chapter. 


6. Thyroxine and Insulin‘ 


In the homeostasis of blood sugar thy- 
roxine is one of the (minor) factors 
that tend to elevate blood sugar, and 
therefore it may be regarded as an in- 
sulin antagonist. However, total thy- 
roidectomy in euthyroid persons without 


The Quarterly 


‘ 
« 
4 
iy 


diabetes mellitus causes no important 
change in fasting blood sugar nor in sen- 
sitiveness to insulin. Most patients with 
thyrotoxicosis show impaired glucose 
tolerance, believed to be caused by the 
high level of circulating thyroxine as 
well as by thiamin deficiency, hepatic 
disease and depletion of the glycogen 
stores commonly present in that disease; 
all this may lead to excessive demands 
on the islets, aggravate an inherited 
disposition for diabetes and account for 
the fact that the incidence of diabetes 
in patients who have or had thyrotoxi- 
cosis is twice that in the general popu- 
lation. In some diabetics with thyrotoxi- 
cosis great improvement of the diabetes 
follows thyroidectomy. Diabetes occa- 
sionally occurs as an incidental compli- 
cation of myxedema; treatment of the 
myxedema with thyroid causes marked 
increase of the severity of diabetes in 
these patients. 

7. Thyroxin and the Adrenals 

The circulating level of thyroxine 
markedly influences the hormone secre- 
tion and the effects of the circulating 
hormones of the adrenal cortex but the 
interactions are complex and cannot be 
described in simple terms of stimulation 
or inhibition. This is strikingly illus- 
trated by observations showing seeming- 
ly identical alterations of adrenal func- 
tions in both hypothyroidism and hyper- 
thyroidism. 

In myxedema the urinary excretion of 
17-ketosteroids and 17-hydroxysteroids is 
abnormally low, and there is decreased 
haid growth in the axillary and pubic 
regions, indicating decreased adrenocor- 
tical functions. This has been described 
as ‘myxedema of the adrenals’ which can 
be restored to normal by appropriate 
(cautious) thyroid therapy. Apparently, 
the adrenal cortex, like other tissues of 
the body, operates at a lower than nor- 
mal metabolic level in the state of hypo- 
thyroidism. Recently, however, it has 
been reported that the 17-hydroxysteroid 
levels in the plasma were normal in 
myxedema, and administration of ACTH 
provoked normal eosinophil response 
suggesting that a diminished rate of uti- 
lization of the corticosteroids in the peri- 
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pheral tissues (in addition to diminished 
rate of production in the adrenal cortex) 
occurs in myxedema.33 Administration 
of thyroid in larger than minimal doses 
to patients with myxedema may produce 
manifestations of adrenal insufficiency; 
this is usually explained by assuming 
that the low levels of corticosteroids pre- 
vailing in myxedema may be sufficient 
for the needs of the body at the low 
levels of metabolism but became inade- 
quate at the higher levels of metabolism 
producd by thyroid administration. Sim- 
ilar reasoning may be applied to explain 
the observation that administration of 
thyroid extract to patients suffering 
from Addison’s disease may percipitate 
an Addisonian crisis. 

In thyrotoxicosis there is decrease in 
the urinary excretion of 17-keto as well 
as 17-hydroxy steroids and, frequently, 
loss of axillary and pubic hair — the 
same changes found in myxedema. Thy- 
rotoxicosis may be considered as a state 
of ‘alarm reaction’ and it is known that 
in alarm reactions the adrenal androgen 
activity is decreased resulting in low 
17-ketosteroid excretion. The low 17- 
hydroxysteroid levels, on the other hand, 
may be due to increased utilization of 
these steroids in view of the high level 
of general tissue metabolism. The result 
is a state of ‘relative adrenocortical in- 
sufficiency’ even though the adrenals 
may be more active than normally. A 
hightened level of adrenocortical activ- 
ity is indicated also by the relative in- 
sensitivity to stimulation by ACTH 
found in thyrotoxicosis. However, long 
duration of thyrotoxicosis may result in 
depletion of adrenal reserve and capac- 
ity.34 
8. Thyroxine and the Gonads 

In hypothyroidism there may be cryp- 
torchism, decrease in libido and fertility 
in both sexes; impotence in males; me- 
norrhagia is frequent, but in severe 
myxedema amenorrhea may occur. All 
these are probably sequelae of low levels 
of metabolism in the gonadal and/or 
pituitary gonadotrophic cells, and may 
be relieved by thyroid therapy. In thy- 
rotoxicosis the menstruation tends to be 
scant and infrequent, probably as a re- 
sult of toxic levels of metabolism in the 
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ovarian structures. Some women report 
breast enlargement at the onset of thy- 
rotoxicosis, and in male hyperthyroids 
gynecomastia develops occasionally; the 
mechanism if this effect is not known 
— it might be connected with the de- 
creased adrenal androgenic activity men- 
tioned above. 


THYROXINE 
inhibits release of TSH from pituitary 
synergistic with GH in the growth of children 
may stimulate Pituitary gonadotrophic activity 
can inhibit the Thyroid by direct effect 
may antagonize Insulin 
can stimulate release and utilization of Ad- 

renal Corticoids 

may stimulate Gonadal activity 


VIII. THE PARATHYROIDS 


Most of the evidence favors the opin- 
ion that the parathyroids are not under 
the direct influence of the anterior pitui- 
tary by way of a parathyrotrophic hor- 
mone; neither has the parathyroid hor- 
mone any specific effect on the pituitary. 
However, certain clinical observations 
have repeatedly called attention to pos- 
sible relationships with other glands, 
especially the adrenals. Thus, hypopara- 
thyrcidism was found associated with 
Addison’s disease in a few cases’ and, 
rarely, parathyroid tumors were found 
in Cushing’s syndrome. Osteoporosis is 
common in Cushing’s syndrome, occa- 
sionally with hypercalciuria, nephro- 
lithiasis and elevated serum alkaline 
phosphatase — findings characteristic 
for hyperparathyroidism; however the 
histology of the bony changes is quite 
different in the two diseases, and in 
Cushing’s syndrome the serum alkaline 
phosphatase never attains the level seen 
in hyperparathyroidism. The osteoporo- 
sis in Cushing’s syndrome is believed 
to be due to deficient bone matrix for- 
mation resulting from decreased activity 
of the osteoblasts, in contrast with the 
decalcification resulting from the phos- 
phate diuresis in hyperparathyroidism. 

Rarely, parathyroid tumors were re- 
ported associated with multiple pancre- 
atic islet cell tumors with or without 
pituitary tumors%*, Whether all these 
associations are purely co-incidental or 
expressive of some hidden relationship 
is not known. 
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Some sort of synergism between p ra- 
thyroid hormone and estrogen has ben 
suggested to explain the observa:ion 
that hypoparathyroidism following hy. 
roidectomy may remain latent or com- 
pensated in premenopausal women for 
years, only to become manifest after the 
menopause when it can be relieved by 
estrogen administration. Soffer in re. 
viewing the available data concluded 
that “it is difficult to feel that there is 
any significant relationship” between 
the parathyroids and the adrenals or 
other glands.37 


IX. INSULIN 


Insulin production in the beta cells of 
the Langerhans islets is regulated by 
the prevailing blood sugar, high levels 
of blood sugar stimulating insulin pro- 
duction and release, low levels inhibiting 
it. Release of insulin is not influenced 
by anterior pituitary or other hormones 
except in so far as they affect the blood 
sugar level. Thus, GH, ACTH, TSH, 
thyroxine, epinephrine, cortisone and 
glucagon are insulin antagonists by vir- 
tue of their capacity to elevate the blood 
sugar level and are, in turn, antagonized 
in that process by insulin; together they 
constitute the main elements of the 
blocd sugar regulatory mechanism. 

Growth hormone and insulin may be 
mutually synergistic under certain con- 
ditions (see chapter I). Hypophysecto- 
mized young rats on nutritious diet 
show better growth on insulin plus GH 
administration than on either hormone 
alone.3s Epinephrin and glucagon are, 
while antagonizing insulin by contribu- 
ting to blood sugar at the expense of 
liver glycogen, synergistic with insulin 
in providing the very substrate the uti- 
lization of which is enhanced by insulin. 


Insulin is not known to have any 
effect on the production or release of 
other hormones except epinephrine. In- 
travenously administered insulin causes 
marked increase in the Secretion of epin- 
ephrine — but not of nor-epinephrine 
— in the adrenal medulla, presumably 
as a compensatory response to the hypo- 
glycemia produced by the insulin. 
Thus, insulin has a dual interaction with 
epinephrine: it can stimulate the pro- 
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duction and antagonize the action of 
epinephrine. 


INSULIN 

may be synergistic with GH in the growing 
child 

stimulates release of Epinephrine from the 
Adrenal Medulla 

antagonist, in the regulation of blood sugar, 
to GH, TSH, ACTH, Thyroxine, Epinephrine, 
Glucagon 


X. EPINEPHRINE 
1. Epinephrine and ACTH 


Long and his associates‘? found that 
injection of epinephrine into the rat 
causes decrease in the ascorbic acid and 
cholesterol content of the adrenal cortex 
to an extent and within the time rela- 
tionships of that following administra- 
tion of ACTH. Since epinephrine is in- 
effective in the hypophysectomized rat, 
they concluded that in the normal ani- 
mal it acts on the anterior pituitary aug- 
menting the secretion of ACTH. Epine- 
phrine injection in the dog increases 
five to tenfold the plasma content of 
cortical hormones in the adrenal vein.‘! 

Epinephrine injection to normal per- 
sons is followed by a fall of the blood 
eosinophils greater than 50% in 4 hours. 
Since it was known that ACTH injec- 
tion has a similar effect, it was postu- 
lated that epinephrine causes a fall of 
the eosinophil count by way of stimu- 
lating release of ACTH. However, it was 
later found that similar eosinophil re- 
sponse to epinephrine occurs in adrena- 
lectomized patients maintained on con- 
stant amounts of cortisone, which indi- 
cates that this particular effect of epine- 
phrine does not depend on stimulation 
of ACTH production. 


2. Epinephrine and TSH 


Epinephrine can stimulate the release 
of TSH* and, in addition, augment the 
thyroid stimulating action of TSH. 


3. Epinephrine and Gonadotrophins 


There is evidence that epinephrine can 
stimulate the release of gonadotrophins 
in laboratory animals.“ 


4. Kpinphrine and MSH 


There are two seemingly opposite ac- 
tions of epinephrine on melanin pigmen- 
tation in the frog, according to Lerner.4s 
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One is to stimulate release of MSH in 
the pituitary, the other is to block the 
action of MSH on the melanocyte (in the 
isolated skin). However, there is no di- 
rect evidence that epinephrine affects 
pigmentation in man. 

Thus, epinephrine can stimulate the 
release of ACTH, TSH, and, probably, 
FSH and MSH. It is believed that these 
effects on the pituitary are mediated via 
hypothalamic centers through the so- 
called portal circulation in the stalk. 


5. Epinephrine and Insulin 


One of the principal actions of admin- 
istered epinephrine is its capacity to 
produce hyperglycemia by inducing gly- 
cogenolysis in the liver. It was assumed 
that epinephrine as an insulin antago- 
nist plays a dominant role in blood sugar 
homeostasis, especially after insulin- 
induced hypoglycemia. Such role of 
epinephrine, however, became doubtful 
when it was found that in bilaterally 
adrenalectomized patients recovery from 
insulin-induced hypoglycemia proceeded 
normally, indicating that in the absence 
of adrenals other insulin antagonists can 
effectively take over‘, 

Antagonism of epinephrine to insulin, 
of a different nature, is suggested by 
Groen and associates*?7 who found that 
the stimulation of glucose utilization by 
insulin in the isolated rat diaphragm is 
strongly suppressed by very. small 
amounts of added epinephrine or nor- 
epinephrine: this is not due to interfer- 
ence with the binding of insulin by the 
diaphragm tissue. 


EPINEPHRINE 
stimulates release of ACTH, TSH, FSH, MSH 
from Pituitary 
synergistic with the thyroid stimulating action 
of TSH 
antagonist of Insulin in blood sugar regulation 
blocks action of MSH on the Melanocyte 


XI. CORTISONE AND CORTISONE 
ANALOGUES 


1. Cortisone and ACTH 

Administration of large amounts of 
cortisone results in adreno-cortical atro- 
phy which may be prevented by simul- 
taneous administration of ACTH. This 
and many other observations prove that 
circulating cortisone can inhibit the pro- 
duction of ACTH in the anterior pitui- 
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tary; this is one of the best documented 
hormonal interrelations. By way of this 
feed-back mechanism circulating corti- 
sone can regulate its own endogenous 
production in the adrenal cortex. 

The adreno-cortical atrophy during 
and following cortisone administration 
is of great practical importance. Severe 
adrenal insufficiency and even fatal 
adrenal crisis can occur if, after pro- 
longed administration, cortisone is sud- 
denly discontinued. The danger is es- 
pecially acute during the first week after 
cortisone is discontinued; but complete 
restoration of the adrenal cortex capable 
of coping with severe stress situations 
such as major surgery may not take 
place for many months. However, there 
is no permanent failure of adrenocortical 
response to endogenous or exogenous 
ACTH even after years of cortisone 
treatments, There has been some con- 
troversy concerning the need for inter- 
mittent administration of ACTH during 
cortisone therapy in order to prevent 
adrenal atrophy. Most clinicians with 


experience in cortisone therapy do not 


use ACTH during and after cortisone 
therapy but take care to discontinue 
cortisone very gradually over a num- 
ber of weeks, and administer cortisone 
when any severe stress situation arises, 
even a year or two later. 


The inhibitory effect of cortisone on 
ACTH release has been utilized in the 
diagnosis and therapy of certain adrenal 
diseases. Thus, cortisone administration 
has been recommended to facilitate dif- 
ferential diagnosis in certain adreno- 
cortical diseases (adreno-genital syn- 
drome; Cushing’s syndrome) between 
that due to hyperplasia and that due to 
tumor. Large dosage of cortisone sup- 
presses endogenous ACTH _ production 
leading to decrease of the 17-ketosteroids 
in the urine in cases of hyperplasia; in 
cases of tumor (which is not dependent 
on ACTH) no change in the urinary 17- 
ketosteroids would occur. However, 
these tests are not wholly reliable. 

Cortisone therapy has been’ very 
useful in certain types of adrenal 
hyperplasia, such as congenital adrenal 
hyperplasia, prepubertal adrenal hyper- 
plasia and the Stein-Leventhal syn- 
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drome. Congenital adrenal hyperpl: sia, 
manifested by pseudo-hermaphrodi::sm 
in female infants is presumably du» to 
an ‘inborn error’ in the synthesis of hy- 
drocortisone. A precursor, 17-hydroxy- 
progesterone is normally convertec to 
hydrocortisone by hydroxylation at C, 
and Cx. This enzymatic process is 
blocked in congenital adrenal hyper. 
plasia with the result that less hydro- 
cortisone is produced while the accumu- 
lating precursors are diverted into ex- 
cess androgens. The low level of cir- 
culating hydrocortisone allows excess 
production of ACTH in the anterior pi- 
tuitary which, in turn, causes adreno- 
cortical hyperplasia with further excess 
production of 17-hydroxyprogresterone*, 
Administration of cortisone, by inhibit- 
ing ACTH production, inhibits the adre- 
nocortical hyperplasia and the accumula- 
tion of hydrocortisone precursors and 
androgens with the result that the viril- 
izing effects are ameliorated. 

The Stein-Leventhal syndrome — hy- 
perthecosis, small-cystic ovaries, ame 
norrhea, hypertrichosis and, frequently, 
obesity, with high-normal or slightly ele- 
vated urinary excretion of 17-ketoster- 
oids and elevated excretion of pregna- 
nediol and pregnanetriol — is thought to 
be of adrenocortical origin, and this is 
supported by the observation that corti- 
sone administration can suppress the 
urinary excretion of these steroid metab- 
olites in these patients, frequently re- 
stores normal menstruation and occa- 
sionally relieves the hypertrichosis. 

Administration of cortisone in man 
via inhibition of ACTH release or other- 
wise has normally no significant effect 
on the excretion of aldosterone.5® On 
the other hand, administration of pred- 
nisone has been reported to lower the 
urinary aldosterone excretion in patients 
with hepatic cirrhosis — whose aldoster- 
one excretion is usually higher than 
normal — resulting in sodium diuresis.’ 

The question arose Whether cortisone 
aside of its effect on the release of ACTH 
can also have a direct effect on the adre- 
nal cortex. This has been investigated 
in hypophysectomized animals and hu- 
man patients maintained on constant 
amounts of ACTH. No consistent results 
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were obtained, and the question remains 
open at present. 


2. Cortisone and GH 

There is no evidence that cortisone 
has any effect on the production or re- 
lease of GH, but under certain condi- 
tions cortisone can antagonize the soma- 
totrophic actions of GH. Administered 
in large amounts to experimental ani- 
mals cortisone inhibits normal growth 
as well as the growth effect of GH prepa- 
rations.52 This might be due to the gen- 
eral catabolic effects of cortisone as 
against the general anabolic effects of 
GH. Other manifestations of this antago- 
nism may be recognized in the fact that 
children with Cushing’s syndrome—who 
carry excess glusocorticoids in their body 
—are usually retarded in growth, and 
children with congenital adrenocortical 
hyperplasia show slower growth while 
under cortisone treatment. The two hor- 
mones also antagonize each other’s action 
on capillary resistance in the rat and 
dog, cortisone increasing it while GH de- 
presses it.53 On the other hand, the two 
hormones are synergistic in their oppo- 
sition to insulin (see chapter IX). 


3. Cortisone and TSH 

There is much evidence to show that 
cortisone is capable of inhibiting thyroid 
function (see point 7) and some evidence 
suggests that this may be effected via 
inhibition of TSH release in the pitui- 
tary.5+ Recently, direct evidence was 
brought forth to support this contention: 
Bakke and Lawrences’ measured the 
TSH content of 203 human pituitaries 
obtained at autopsy or surgery, and 
found that the pituitaries of subjects who 
had been treated with prednisone con- 
tained the lowest amount of TSH ob- 
served in the whole series. 


4. Cortisone and the Pituitary Gonado- 

trophins 

The data on the excretion of gonado- 
trophins in the urine following cortisone 
administration in experimental animals 
are conflicting; there are reports sug- 
gesting increased gonadotrophin excre- 
tion, others showing no effect. In man, 
little direct information is available. In 
Cushing’s syndrome characterized by in- 
creased glucocorticoid activity, and in 
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patients on prolonged cortisone therapy, 
amenorrhea or oligo-menorrhea is fre- 
quently observed suggesting inhibition 
of gonadotrophic activity. This may also 
in part be the mechanism of the amenor- 
rhea seen in the Stein Leventhal syn- 
drome which presumably is due to hy- 
per-corticism: here, in spite of low estro- 
gen levels—which would make for high 
FSH production—the urinary gonado- 
trophin excretion is low, and there are 
no symptoms of menopause. 

5. Cortisone and MSH 

Cortisone and hydrocortisone are 
highly effective in inhibiting the release 
of MSH from the pituitary gland. Blood 
and urinary levels of MSH are known to 
be high in primary Addison’s disease. 
It is believed that this is due to release 
of increased amounts of pituitary MSH 
resulting from the absence of inhibitory 
glucocorticoids.56 This leads to the char- 
acteristic pigmentation which decreases 
under cortisone therapy. Cortisone ad- 
ministration can prevent the onset of 
hyperpigmentation in the patient who 
had undergone bilateral adrenalectomy. 
On the other hand, there may be de- 
creased pigmentation in secondary Addi- 
son’s disease (due to hypopituitarism) 
in spite of the presence of adrenocortical 
deficiency, in view of the failure of the 
MSH-producing pituitary cells. 

The urinary MSH excretion is at low 
levels in Cushing’s syndrome presumably 
because of inhibition of MSH production 
by the excess corticoids. According to 
Sulman, this may be utilized to differen- 
tiate Cushing’s syndrome (due to adrenal 
tumor or hyperplasia) from Cushing’s 
disease (due to pituitary basophilism) 
since in the latter the MSH level may 
be high.57 
6. Cortisone and the Posterior Pituitary 

No data are available concernnig the 
effects of cortisone on the production or 
release of the posterior pituitary hor- 
mones. In its peripheral actions, corti- 
sone may be synergistic with or antago- 
nistic to the antidiuretic hormone of the 
posterior pituitary depending on the 
existing physiological state.58 
7. Cortisone and the Thyroid 

There is a large body of experimental 
data as well as clinical observations con- 
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cerning relations between the adrenal 
cortex and the thyroid but our under- 
standing of this interdependence remains 
somewhat confused. The thyroid found 
at autopsy in Addison’s disease or in the 
bilaterally adrenalectomized animal 
shows no striking changes in size or 
structure except for some lymphocytic 
and plasma cell infiltration. In is gener- 
ally agreed that cortisone or prednisone 
in large doses inhibits thyroid function. 
Thus, low radio-iodine uptake, low serum 
PBI and low secretion rate of hormon- 
ally bound iodine are found in patients 
on prolonged treatment with cortisone 
and in patients in stress situations (in 
whom the blood 17-hydroxysteroid lev- 
els are known to be high).54 The exact 
mode of this action of cortisone is not 
known: it could be due to inhibition of 
TSH release (as mentioned above), to a 
direct inhibitory effect on the thyroid 
or to a block of the mechanism by which 
TSH influences iodine uptake. It has 
been demonstrated that while TSH influ- 
ences uptake of radio-iodine in the oper- 
ated animals, th injection of cortisone 
together with TSH prevents restoration. 
This indicates that the inhibitory effect 
of cortisone is not due to interference 
with TSH production. Patients on pro- 
longed cortisone therapy may show hy- 
percholesterolemia and other laboratory 
signs of hypothyroidism.The term ‘corti- 
cogenic hypothyroidism’ has been coined 
to label this state, but the patients usual- 
ly do not exhibit the clinical picture of 
hypothyroidism.5? (On the other hand, 
thyroid function is usually normal in 
Cushing’s syndrome; and hypothyroid pa- 
tients receiving sub-optimal doses of thy- 
roxine show elevation of BMR during 
cortisone administration with the radio- 
iodine uptake remaining unchanged. The 
elevation of BMR is ascribed to increased 
peripheral utilization of thyroxine in the 
tissues) .60 


Cortisone has been effectively used in 
the therapy of sub-acute thyroiditis and 
Hashimoto’s struma lymphomatosa. This 
his probably nothing to do with the in- 
hibitory effect of cortisone on thyroid 
function. In these two diseases of the 
thyroid an auto-immune mechanism is 
believed to be operating, and the bene- 
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ficial effect of cortisone therapy maj be 
due to the known capacity of cortisone 
to interfere with antigen-antibody reac. 
tions.61 


8. Cortisone and Insulin 


Cortisone and other 11l-oxygenated 
tico-steroids stimulate gluco-neogenesis 
from protein and fat and are antagonistic 
to insulin. The exact mechanism of these 
actions is not yet understood; it has been 
suggested that cortisone may inhibit pro- 
tein synthesis, i.e. it has anti-anabolic 
rather than catabolic effect. Cortisone 
also appears to inhibit some phase of 
glucose utilization although the locus of 
the block is not known. 


Administration of cortisone in large 
amounts to normal subjects for 5-10 days 
may produce fasting hyperglycemia, gly- 
cosuria, diminished glucose tolerance, 
marked insensitiveness to insulin, all 
completely reversible. (However, these 
effects are less intensive and less consist- 
ent than the same effects produced by 
ACTH). These manifestations of carbo- 
hydrate metabolism disturbance are ob- 
served in Cushing’s disease (which is 
characterized by excess production of 
gluco-corticoids); overt diabetes is uncom- 
mon. In patients with coexisting Addi- 
son’s disease and diabetes, cortisone ad- 
ministration causes increase in the in- 
tensity of the diabetes and increase in 
insulin requirement. In Addison’s dis- 
ease (with absence of gluco-corticoids) 
there is deficient contra-insulin activity 
resulting in low fasting blood sugar and 
less responsiveness to insulin-hypogly- 
cemia. The diabetogenic action of corti- 
sone has been used, in combination with 
oral glucose tolerance tests, to discover 
potential diabetics: when cortisone was 
administered simultaneously with the 
glucose, diabetic type blood sugar curves 
were found 12 times as often among 
relatives of diabetics than among control 
individuals. 

Cortisone potentiates the action of glu- 
cagon (in rabbits) suggesting that the 
insulin resistance induced by excessive 
amounts of cortisone may be in part a 
result of this potentiating effect on the 
glucagon contained in the insulin prepa- 
rations.® 
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9, Cortisone and Epinephrine 

Cortisone administration depresses the 
output of nor-epinephrine (but not of 
epinephrine).6 Several clinical reports 
mention that prolonged cortisone admin- 
istration produced. hyperpigmentation 
similar to that seen in patients receiving 
ACTH. This would be difficult to explain 
in view of the fact that cortisone is not 
known to have any marked direct effect 
on the melanocytes; moreover, cortisone 
inhibits MSH release from the pituitary. 
Lerner believes that the darkening effect 
may be due to a lowering of nor-epine- 
phrine production resulting from the ad- 
ministration of cortisone (see chapter X). 


10. Cortisone and Androgens 

Asde of its effect on sex steroids via 
ACTH and _ gonadotrophins cortisone 
may be involved directly in the produc- 
tion of androgen because of its possible 
conversion into androgen. This was first 
suggested by the observation that corti- 
sone administration is capable of main- 
taining spermatogenesis in the hypophy- 
sectomized adrenalectomized rat while 
it does not prevent atrophy of the testic- 
ular interstitial tissue. It was then 
found that patients after castration and 
adrenalectomy maintained on cortisone 
therapy, continue to excrete small 
amounts of 17-ketosteroids, and that this 
excretion falls to zero when cortisone is 
withdrawn. This is explained by the 
assumption that some of the adminis- 
tered cortisone is converted to androgen. 
The conversion is believed to take place 
in the liver and the cortisone/androgen 
conversion ratio appears to be very low. 
Female patients on prolonged cortisone 
therapy not infrequently develop acne 
and hypertrichosis, which was ascribed 
to this conversion. However, the 17-kKeto- 
steroids excreted in increased amounts 
on cortisone administration are 11-oxy- 
genated, 17-keto-steroids which are bio- 
logically not androgenic and, according- 
ly, the acne and hypertrichosis remain 
as yet unexplained. (In contrast, the in- 
creased urinary 17-keto-steroids follow- 
ing administration of ACTH contain be- 
sides 1l-oxygenated 17-ketosteroids also 
17-ketosteroids lacking oxygen at Cu, 
such as androsterone and _ etiocholano- 
lone, which are biologically androgenic; 
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this readily explains the acne and hyper- 
trichosis developing in patients on pro- 
longed ACTH therapy)®. 

It may be recalled at this point that 
in hyperadrenocorticism associated with 
abnormally high 17-keto-steroid excre- 
tion—such as congenital cortical hyper- 
plasia — administration of cortisone has 
the opposite effect on the urinary 17- 
keto-steroid excretion, ie., it causes a 
prompt and marked decrease with relief 
of the signs of masculinization. This is 
effected via inhibition of ACTH produc- 
ton, and the resulting great decrease of 
17-keto-steroid production is but little 
altered by the simultaneous minimal 
cortisone-androgen conversion. 

Cortisone can antagonize the effect of 
testosterone on the seminal vesicles in 
the castrated 


11. Cortisone and Estrogens—see chap- 
ter XII. 


CORTISONE 

inhibits release of ACTH 

may inhibit release of TSH, FSH, MSH 

may antagonize somatotrophic effects of GH 

may antagonize Thyroid function directly 

antagonist of Insulin 

can inhibit release of Nor-Epinephrine from 
Adrenal Medulla 

can antagonize certain effects of Testosterone 

may be converted (in very small ratio) to 
Androgen 


XII. ESTROGENS 


1. Estrogens and Gonadotrophins 
As expressed in the term pituitary- 


gonadal axis, a feed-back mechanism 
exists between estrogens and gonadotro- 
phins, some of the main manifestations 
of which are as follows: a) After removal 
of the ovaries in experimental animals 
considerable hyperplasia of the anterior 
pituitary develops with marked increase 
in the production of FSH, while LH is 
diminished and later disappears entirely. 
b) In the menopause, there is an increase 
in gonadotrophin excretion, 5 to 10 times 
above the pre-climasteric normal levels. 
In castration as well as in the natural 
menopause the high FSH production is 
related to the low level of circulating 
estrogens (the adrenals continue to pro- 
duce a minimal amount of estrogens). 
c) Estrogen produced endogenously in 
physiological amounts in normal women- 
during the menstrual cycle inhibits FSH 
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release, stimulates LH and LTH release 
from the anterior pituitary as outlined 
in Chapter IV. d) In castrated young 
women, administration of estrogen in 
small doses increases urinary FSH as 
well as LH excretion.!29 Administered 
in large doses, estrogen inhibits release 
of all three gonadotrophins in normal, 
castrated or post-menopausal women as 
well as in men.’ The estrogen-gonado- 
trophin relationship is the basis for using 
the 24 hour urinary gonadotrophin excre- 
tion for the differential diagnosis be- 
tween primary (ovarian) and secondary 
(pituitary) hypo-ovarianism,; in the for- 
mer the gonadotrophins are abnormally 
high because the ovary produces no 
estrogen that normally would inhibit 
gonadotrophin production, while in the 
latter gonadotrophin excretion is low 
because the deficient pituitary is unable 
to maintain normal gonadotrophin pro- 
duction. e) The low circulating levels of 
estrogen at the end of pregnancy allow 
release of prolactin from the anterior 
pituitary inducing secretion of milk in 
the mammary glands. Estrogen admin- 
istered in large amounts at this time is 
capable to prevent postpartum lactation. 
f) In the male, estrogen administration 
in large amounts causes profound atro- 
phy of the seminiferous tubules of the 
testis with cessation of spermatogenesis; 
this is believed to be due to inhibition 
of FSH production in the pituitary. A 
similar mechanism is responsible for the 
development of testicular atrophy in pa- 
tients with hepatic cirrhosis or hepatitis 
where decreased inactivation of estrogen 
by the diseased liver results in high cir- 
culating estrogen levels leading to inhibi- 
tion of pituitary gonadotrophin produc- 
tion with consecutive testicular atrophy. 


2. Estrogen and the Growth Hormone 


The growth spurt at puberty depends 
in both sexes on the sex hormones, which 
indicates some sort of synergism between 
GH and estrogen as well as between GH 
and androgen. It has been suggested 
that the pubertal growth spurt in 
girls may be due to adrenal androgen 
rather than ovarian estrogen: the urinary 
17-keto-steroids are increased at puberty 
in girls (as well as in boys) which could 
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be a sign of increased adrenal andrc zen 
production.’ Estrogen hastens the fu ion 
of epiphyseal junctions more than an tro- 
gen does, which may explain the act 
that the ultimate average height of virls 
is lower than that of boys. This may be 
the reason why administration of lirge 
amounts of estrogen to excessively grow- 
ing girls may result in slowing down 
and terminating the growth. 

3. Estrogens and ACTH 

Bilateral oophorectomy is followed by 
decrease in the size of the adrenals, and 
estrogen administered in moderate doses 
leads to enlargement of the adrenals and 
elevated 17-hydroxysteroids in _ the 
blood.6? Adrenomegaly cannot be pro- 
duced in the hypophysectomized animal 
by estrogen administration. All this in- 
dicates that estrogen is capable of stim- 
ulating ACTH production in the anter- 
ior pituitary”. 

Hydrocortisone (as well as aldosterone) 
excretion is substantially increased in 
pregnancy. Part of this increase may be 
due to depressed degradation of these 
steroids.71 
4. Estrogen, TSH and Thyroxine 

Prolonged administration of large 
amounts of estrogen to experimental ani- 
mals depresses thyroid function as 
shown by histology of the thyroid. This 
is believed to be due to inhibition by 
estrogen of the release of TSH from the 
pituitary. However, the radio-iodine up- 
take in women does not vary throughout 
the menstrual cycle, and there are no 
constant changes in the serum protein- 
bound iodine (PBI) after bilateral oopho- 
rectomy”. Myxedema is about four 
times as common in women as in men, 
but it is not known what role estrogen 
plays in the development of that disease. 

Pregnancy is frequently accompanied 
by thyroid hyperplasia with increase of 
radio-iodine uptake by the thyroid and 
increased serum PBI,.but there are no 
symptoms of thyrotoxicosis and no in- 
creased BMR beyond that attributable to 
fetal needs. There is increased thyroxine- 
binding capacity of the alpha globulin 
of the serum (the thyroxine-binding pro- 
tein); this increase begins early in preg: 
nancy, proceeds throughout the _ preg: 
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nancy and gradually disappears after 
delivery, coinciding with the alterations 
in the levels of the serum PBI. That 
these changes may be due to high levels 
of circulating estrogens—known to be 
present in pregnancy—is suggested by 
the experience that large doses of estro- 
gen administered to normal males or 
females induce increases in serum PBI 
and in thyroxine-binding capacity of the 
serum alpha-globulin comparable to 
those seen in normal pregnancy.73 Fur- 
thermore, it was found that the erythro- 
cyte uptake of tri-iodo!3!-thyronine in 
vitro is strikingly decreased in pregnan- 
cy. (It is also decreased in hyperthyroid- 
ism, hepatitis, hepatic cirrhosis, exten- 
sive metastatic malignancy and during 
dicoumarol treatment). The factor re- 
sponsible for these changes resides in 
the blood plasma74—not in the erythro- 
cytes—and the decreased erythrocyte up- 
take may be an effect of the increased 
thyroxine binding capacity of the plasma 
proteins. The physiological and clinical 
significance of these findings is not yet 
clear. 
5. Estrogens and the Ovary 

Indirectly, via the gonadotrophin, ac- 
tivity of the anterior pituitary, estrogens 
can profoundly influence the structure 
and functions of the ovary (see point 1. 
in this chapter) and can potentiate the 
effect of FSH on the Graafian follicle 
(see point 2, chapter IV) but have no 
direct, independent effect on the ovary. 
Concerning interactions of estrogen and 
progesterone, see point 2, chapter XIII). 


6, Estrogens, the Testis and Androgens 


Estrogens have no direct effect on the 
structure and functions of the testis. In- 
direct effects of androgens on the testis 
via pituitary gonadotrophins have been 
pointed out earlier in this chapter. 

Interactions of estrogens and andro- 
gens may be antagonistic or synergistic 
depending on the target organ or process 
on which they act: i.e., antagonistic in 
acting on certain targets, synergistic in 
acting on others. (See Table 1.) 

It is important to keep in mind that 
the two hormones are synergistic in 
their effect on pituitary gonadotrophic 
activity (both inhibit it), but by virtue 
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of this very action they can antagonize 
each other’s peripheral effects when one 
of the hormones is administered in large 
amounts. The use of estrogens in the 
therapy of prostatic cancer will illus- 
trate this point. Most observers believe 
that the beneficial effect of estrogen on 
early prostatic cancer—when the cancer 
cells are vitally dependent on androgen 
support—is not due to any neutraliza- 
tion of the endogenously produced an- 
drogen at the malignant cell level. 
Rather, the administered large amounts 
of estrogen inhibit pituitary gonadotro- 
phin release which leads to cessation 
of testicular androgen secretion, thus 
depriving the malignant cell of andro- 
gen support’s. Analogous interpretation 
is given by some of the therapeutic ef- 
fects of androgen in premenopausal 
breast cancer75. In other estrogen-andro- 
gen interactions the “battle of the hor- 
mones” takes place at the target level. 
In Table 1, on targets #3, 4, 5, 6, 7, 8, 12, 
13, 14, 15, the sex hormones probably 
act at the target level, while on targets 
#1, 2, 9, 10, 11 the effects are mediated 
through the pituitary. 
7. Estrogens, the Adrenal Cortex and 

Corticoids 

Natural estrogens have no direct effect 
on the adrenal cortex as shown in exper- 
iments in which the ACTH-stimulated 
corticoid secretion of adrenal cortex 
slices in vitro was assayed.?7 (Some syn- 
thetic estrogens such as stilbestrol and 
ethinyl-estradiol strongly inhibited cor- 
ticoid secretion in these experiments.) 
Indirect effect of estrogens on the adre- 
nal cortex via ACTH of the pituitary 
was discussed in point 3 of this chapter. 

Administration of estrogen raises the 
cortisone requirement in Addison’s dis- 
ease,78 and the effect of estrogen on the 
uterus is lessened by cortisone,’ indi- 
cating antagonism between the two circu- 
lating hormones. With feminizing tum- 
ors of the adrenal cortex the patients 
show excess production of adrenal estro- 
gens as well as glucocorticoids, but the 
feminizing effects of estrogen are not 
abolished by the excess corticoids. 


ESTROGENS 
(in small amounts) may stimulate release of 
FSH and LH 
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EFFECT OF 


TARGET ANDROGEN ESTROGEN 
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| 3. Secretion of prostatic fluid 


Sebaceous glands 

| 5. Seminal vesicles ” 
Vaginal epithelium?” 
Thyroxine binding capacity of plasma proteins , 
a= lipoproteins 


Ratio 


96 
in plasma 
yo lipoproteins 


'| 9, * Release of pituitary FSH 


10. * Seminiferous tubules and spermatogenesis 


11. * Postpartum lactation 
97 


1 
12, Formation of bone matrix 
113. * Serum inorganic phosphate level 


| 14, * Fusion of epiphyseal junctions 


15. * Pubertal growth spurt 


TABLE 1. Some interactions between androgens and estrogens. 
+ stands for stimulation or increase; — for inhibition or decrease 
* see text. 


It is seen that in the actions listed under |. the two hormones appear 
as antagonists while in those listed under Il. they appear as 
synergistse 
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(in large amounts) inhibit release of FSH and 
LH 

may stimulate release of ACTH 

may be synergistic with GH in growth at 
puberty 

synergistic in certain actions with Progesterone 

may depress Thyroid function 

increase Thyroxine binding capacity of plasma 
proteins 

may be antagonistic to Cortisone 

may be synergistic with or antagonistic to 
Androgens 


XIII. PROGESTERONE. 


Progesterone is the secretory product 
of the luteinized granulosa cells of the 
corpus luteum. It is also produced by the 
placenta during the last two trimesters 
of pregnancy. It is probably constantly 
synthesized in the adrenal cortex of both 
sexes where it appears to be a key inter- 
mediary of corticosteroids. Its more im- 
portant interrelations are with the pitui- 
tary gonadotrophins, with estrogens and 
the adrenals. 


1. Progesterone and Gonadotrophins 

Acting synergistically with estrogen, 
progesterone in small amounts can stim- 
ulate release of LH. Administered in 
large doses, it depresses in men as well 
as in women the release of FSH and LH, 
which is interpreted as another feed- 
back regulatory mechanism. 


2. Progesterone, the Ovaries and Estro- 

gens 

Mediating through the anterior pitui- 
tary gonadotrophins, progesterone may 
have both a stimulating and inhibitory 
effect on the ovaries—as indicated above 
—but is not known to have any direct 
effect on the ovaries. Circulating prog- 
esterone and estrogen are synergistic in 
some of their actions, but may be antag- 
onists in other actions or without any 
mutual influence;79 also, there are species 
differences. Thus, in their effects on the 
release of pituitary gonadotrophins, on 
the endometrium and the mammary tis- 
sue the two hormones are generally syn- 
ergistic. They are also synergistic in 
their effect on the response of uterine 
muscle to oxytocin in the cat; both sen- 
Sitize the cat uterus to oxytocin. How- 
ever, in the rabbit and some other mam- 
mals progesterone renders the myomet- 
rium unresponsive to oxytocin while 
estrogen increases its sensitvity; and in 
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the monkey and man neither hormone 
has any marked effect on the oxytocin 
sensitivity®®, Progesterone is antagonis- 
tic to estrogen in so far as the latter’s 
effect on the testis is concerned: estrogen 
administration in large amounts causes 
atrophy of the seminiferous tubules, but 
when progesterone is simultaneously 
given, atrophy and aspermatogenesis are 
prevented. 


3. Progesterone and the Adrenals. 

Progesterone administered in large 
amounts produces considerable atrophy 
of the adrenal cortex8!; it is not known 
whether this is by direct effect or via 
inhibition of ACTH release from the 
pituitary. 

Progesterone administered in physio- 
logical doses enhances the urinary excre- 
tion of sodium and chloride in normal 
men and women, presumably at the level 
of the renal tubules, and is in this sense 
an antagonist of aldosterone. This inter- 
action which is not materially influenced 
by simultaneous estrogen administration 
may have a major role in the sodium 
metabolism of pregnancy and during the 
luteal phase of the menstrual cycle®?. 
(This is in contradiction to earlier re- 
ports mainly in animals according to 
which progesterone administration is 
usually followed by salt and water re- 
tention.) 


PROGESTERONE 

(in small amounts) may stimulate release of 
LH 

(in large amounts) inhibits release of LH and 
FSH 

may be synergistic with or antagonistic to 
Estrogen 

may suppress Adrenocortical function 

may be antagonistic to Aldosterone 


XIV. ANDROGENS 

1. Androgens and Gonadotrophins 

As expressed in the term pituitary-go- 
nadal axis, there is a reciprocal relation- 
ship between gonadal androgens and the 
release of gonadotrophins of the pitui- 
tary. Castration in the male animal with 
its resultant absence of circulating an- 
drogen is followed by enlargement of 
the anterior pituitary, appearance of en- 
larged basophilic cells (castration cells) 
in the anterior lobe and greatly increased 
excretion of urinary gonadotrophins, 
both FSH and LH. These changes can 
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be inhibited by administration of andro- 
gen (or estrogen); however, androgen 
must be administered in much larger 
doses than estrogen for this purpose. 
This has led to the assumption that the 
epithelium of the seminiferous tubules 
of the testis normally produces an inhibi- 
tory hormone, either estrogen or a spe- 
cific hormone, “inhibin.” (Estrogen is 
present in the normal seminal discharge 
and in certain testicular tumors, and the 
stallion normally produces large amounts 
of an estrogen, equilenin.) Another pos- 
sible cause of the increase of urinary 
gonadotrophins following castration is 
lack of utilization by the absent testicles 
rather than increased release of gonado- 
trophins. 

Increased amounts of urinary gonado- 
trophins are a constant feature of the 
Klinefelter syndrome characterized by 
very small testes which on histological 
study show partial to complete hyaliniza- 
tion of the tubules with loss of spermato- 
genesis; the Leydig cells are quite prom- 
inent and often give the appearance of 
being increased in number. The major- 
ity of cases show normal accessory sexual 
organs except for gynecomastia. It has 
been postulated that the increased urin- 
ary gonadotrophins in this syndrome 
might depend upon a _ difference be- 
tween the threshold of response of the 
anterior pituitary and the response of 
the accessory sex organs, the former 
being more sensitive than the latter. If 
this is so, a slight decrease in the amount 
of circulating testicular androgen could 
provoke increased gonadotrophic activ- 
ity in the anterior pituitary without 
causing failure of the accessory sex or- 
gans. Neither this concept nor the “in- 
hibin” theory has been conclusively 
proven, and it remains reasonable to 
assume that the rise of gonadotrophins 
might be merely the result of inability 
of the atrophic seminiferous tubules to 
utilize— and thereby inactivate — the 
gonadotrophins. The recent discovery 
that most patents with this syndrome 
are genetic females has no bearing on 
the mechanism of gonadotrophin in- 
crease since such increase occurs also 
in those patients who are genetic males. 

Androgen, which is a weak inhibitor 
of pituitary prolactin production, is 
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used in the prevention of postpart.im 
lactation (in combination with estro.:en 
which is a much more powerful inih:bi- 
tor of prolactin production, see Chapier 
XII, only in order to counteract in those 
patients some undesirable side effects of 
the estrogen, such as endometrial pro- 
liferation, retardation of involution of 
the uterus, secondary breast engorge- 
ment and uterine bleeding®’, 


2. Androgens and the Growth Hor- 

mone 

There is some evidence that androgens 
may inhibit the release of growth hor- 
mone in the pituitary; on the other hand, 
circulating androgens may act synergis- 
tically with circulating growth hormone. 
Kinsell and his associates83 have shown 
that androgenic steroids (and to a lesser 
extent estrogens as well) depress the 
high phosphate level and growth hor- 
mone level in the blood of acromegalics. 
High inorganic phosphate levels in the 
blood in prepubertal children are 
lieved to indicate high growth hormone 
activity, and Hamilton8+ has shown that 
at puberty, in both sexes, as a result of 
the appearance of sex steroids, the blood 
inorganic phosphates decrease and re- 
main at the decreased levels all during 
maturity. 

The growth spurt that occurs at 
puberty depends in the male on andro- 
gen indicating synergism between GH 
and androgen at that age. The pituitary 
dwarf does not show increased rate of 
growth at the age of puberty but re 
sponds with some extra growth to ad- 
ministration of androgen. Children with 
adrenogenitalism or congenital adrenal 
hyperplasia show excessive transitory 
somatic growth. These observations 
have led to the administration of andro- 
gens in the therapy of deficient growth 
in boys. The synergistic action of GH 
and androgen may be at least partly 
explained by the fact that both are pro- 
tein anabolic in the growing child. 


3. Androgen and ACTH 

Since ACTH presumably stimulates 
the adrenal cortex to secrete androgen, it 
may be expected that a feed-back mech- 
anism exists between androgen and 
ACTH production. This concept is well 
supported by experiments in the rat: 
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Castration of the male rat is followed by 
adreno-cortical hypertrophy (especially 
in the zona fasciculata and reticularis) 
and this hypertrophy may be inhibited 
by androgen administration. Further- 
more, androgen administered to normal 
male or female rats can cause adreno- 
cortical atrophy. In man, the available 
data are somewhat contradictory. Al- 
bright8 found androgens to be of some 
value in correcting many of the manifes- 
tations of Cushing’s syndrome, but the 
question whether these effects are med- 
iated via ACTH production or due’ to 
direct action of the androgen on the ad- 
renal cortex is difficult to decide. Bartter 
and associates*6 reported that testoste- 
rone administered to female patients 
with Cushing’s syndrome caused de- 
creased urinary 17-hydroxysteroid excre- 
tion. This they ascribed to decreased 
ACTH output because when androgen 
was administered together with ACTH, 
the effects of the exogenous ACTH on 
the urinary steroid excretion were nor- 
mal, indicating that the androgen had 
no effect on the action of ACTH. Simi- 
lar results were reported by Brooks and 
Prunty®? after administration of  17- 
ethyl, 19-nortestosterone. Brown and 
Migeon*® had administered large doses of 
testosterone to normal subjects; there 
was marked temporary lowering of plas- 
ma 17-hydroxysteroids, while simultane- 
ous administration of ACTH had its nor- 
mal effect of increasing the plasma 17- 
hydroxysteroids. These results indicate, 
although do not prove, that androgens 
can inhibit ACTH release in the pitui- 
tary. On the other hand, Gemzell and 
Notter89 found no change in plasma 17- 
hydroxysteroids when large amounts of 
testosterone were given to normal sub- 
jects. 


4. Androgens, TSH and Thyroxine 


In man, administration of testosterone 
leads to reduction of radio-iodine uptake 
by the thyroid and lowering of plasma 
PBI to hypothyroid levels without clin- 
ical evidence of hypothyroidism™. The 
reduction of radio-iodine uptake could 
result from various processes, but sup- 
pression of TSH release from the anter- 
ior pituitary seems to be the most likely 
mechanism. The reduction of PBI levels 
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under the effect of androgen has been 
attributed to another mechanism: reduc- 
tion of the thyroxine binding capacity of 
the plasma proteins. (This is the op- 
posite of the effect of estrogens on the 
thyroxine binding capacity of plasma 
proteins. (See chapter XII.) 


5. Androgens and the Adrenal Glands 


That androgens can act on the adrenals 
directly (i.e., independently from the pi- 
tuitary) has been suggested by experi- 
ments in which cortisone-induced atro- 
phy of the adrenal cortex in the rat was 
completely prevented by administration 
of testosterone and related steroids, and 
by the experience that combined corti- 
sone-testosterone treatment can main- 
tain normal adrenal size in the rat after 
hyphophysectomy®!. This indicates that 
androgens have a stimulating effect on 
the adrenal cortex. 


On the other hand, in man, testoste- 
rone given in large doses for several 
days before major surgical operations 
can prevent the usual post-operative rise 
of plasma 17-hydroxysteroids®9; also, in 
adrenalectomized patients maintained on 
cortisone, testosterone caused decrease in 
the urinary excretion of steroid metabol- 
ites which originate from the exogenous 
cortisone, and precipitated an Addison- 
ian crisis in one of the _ patients®9. 
These changes were interpreted to in- 
dicate some kind of antagonistic influ- 
ence of androgens on the adrenal cortex. 
However, Edwards and his associates 
found that the excess urinary 17-hydrox- 
ysteroid excretion following partial gas- 
trectomy was not influenced by intra- 
muscular testosterone propionate admin- 
istration; and when the direct effect of 
steroid compounds on corticoid secretion 
in vitro was studied it was found that 
testosterone had no effect on the ACTH 
stimulated adrenocortical slices. Further 
studies will be necessary to clarify the 
role of androgens in the control of the 
adrenal cortex and its steroids. 


6. Androgens and the Testis 

It is known that complete spermato- 
genesis depends not only on stimulation 
of the germinal epithelium of the testicu- 
lar tubule by FSH of the pituitary but 
also on the presence of androgenic sub- 
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stances; and ICSH is needed for com- 
plete spermatogenesis only by virtue 
of its ability to stimulate production of 
androgen. That there is a direct stimula- 
tory effect of androgen on the seminifer- 
ous tubule has been clearly shown in the 
hypophysectomized rat in which testicu- 
lar atrophy and aspermatogenesis can 
be prevented by testosterone given im- 
mediately following hypophysectomy, 
and in which injection or implantation 
of testosterone in the tunica albuginea 
can maintain spermatogenesis in the 
tubules adjacent to the injected or im- 
planted area’. Thus, androgen can dam- 
age the testes indirectly by inhibiting 
FSH and ICSH release, and stimulate the 
seminiferous tubules by direct action. 

In man, testosterone administration 
tends to decrease temporarily sperm 
count and fertility but rarely leads to 
severe testicular atrophy. That this ef- 
fect of androgen is mediated through 
the pituitary via inhibition of gonado- 
trophin release is indicated by the ob- 
servation that no decrease in sperm 
count occurs when pituitary gonado- 
trophin is given concurrently with an- 


drogen. In man, too, androgen can stim- 
ulate spermatogenesis by direct action 


on the testis as indicated by reports 
showing that in several cases of human 
hypopituitarism sperm production oc- 
curred under treatment with testosterone 
without rise in urinary gonadotrophin. 


7. Androgens and the Ovary 

Androgen circulating in excess can 
suppress estrogen production by the 
ovary. This is the reason for using testo- 
sterone in the treatment of metastatic 
breast cancer’ in pre - menopausal 
women’s; there may be additional use- 
fulness of this therapy by virtue of the 
anabolic action of testosterone on bone 
formation. Whether androgen adminis- 
tration suppresses estrogen production 
by inhibiting pituitary gonadotrophic 
activity or by direct inhibition of the 
ovaries or by antagonistic action on the 


circulating estrogen, is not known. 

Androgen can damage the ovary in the 
fetus. In the cattle, male and feriale 
twin fetuses sometimes have com: i0n 
placental supply and, under the influ: nce 
of androgen produced by the male fetus, 
the ovary of the female twin assu:nes 
ambisexual characteristics (‘freemartin’), 
Some degree of ambisexuality or pseuido- 
hermaphrodism is also seen in female 
babies—animal as well as human—when 
androgen (or progesterone) had been ad- 
ministered in large amounts to the moth. 
er during pregnancy. Perhaps the small 
—polycystic ovaries in the Stein-Leven- 
thal syndrome result from damage pro- 
duced by excess adrenal androgens in 
these patients. 

Conversion of androgens (19-carbon 
steroids) to estrogens (18-carbon steroids) 
may be listed among interactions of 
these two hormones. There is evidence 
that at a very small ratio such conver- 
sion may occur. Thus, it has been dem.- 
onstrated that in castrated or postmeno- 
pausal women injections of testosterone 
result in increase of urinary estrogen. 
Such result has also been reported in 
normal and eunuchoid men.76 


ANDROGENS 
inhibit release of FSH and LH 
may inhibit release of GH, ACTH, TSH 
are synergistic with GH in growth at puberty 
reduce Thyroxine binding capacity of plasma 
proteins 
may stimulate Adrenal Cortex directly 
stimulate the seminiferous tubules of the Testis 
directly 
may be synergistic with or antagonistic to 
Estrogen 
may be converted (in small ratio) into Estrogen 
COMMENT 
An attempt has been made to review 
briefly the most important hormonal in- 
terrelations with emphasis on their role 
in the diagnosis and therapy of endocrine 
disturbances. Efforts were made to ana- 
lyze some interactions as to locus and 
mechanism as such knowledge greatly 
facilitates the understanding of these 
complex phenomena. 
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